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Abstract 



After an introduction to the hierarchy problem and to Supersymmetry in the first 
Chapter, we discuss a motivated non-standard pattern of sparticle masses in the 
context of extensions of the Minimal Supersymmetric Standard Model (MSSM). In 
the second Chapter, adopting a bottom-up point of view, we make a comparative 
study of the simplest extensions of the MSSM with extra tree level contributions 
to the lightest Higgs boson mass. We show to what extent a relatively heavy Higgs 
boson, up to 200 -i- 300 GeV, can be compatible with data[^and naturalness. The 
price to pay is that the theory undergoes some change of regime at a relatively 
low scale. Bounds on these models come from electroweak precision tests and 
naturalness, which often requires the scale at which the soft terms are generated 
to be relatively low. In the third Chapter, focussing also on the lack of signals 
so far in the flavour sector, we argue in favour of supersymmetric extensions of 
the Standard Model where, besides a lightest Higgs boson between 200 and 300 
GeV, we have the first two generations of sfermions above 20 TeV. We summarize 
the main consequences of this pattern of masses for the LHC and we analyze 
the consequences of a heavier than normal Higgs boson for Dark Matter. In the 
fourth Chapter, in a supersymmetric model with hierarchical squark masses, we 
analyze a pattern of flavour symmetry breaking that, for sufficiently heavy squarks 
of the first and second generation, leads to effective Minimal Flavour Violation 
of the Flavour Changing Neutral Current amplitudes. For this to happen we 
determine the bounds on the masses of the heavy squarks with QCD corrections 
taken into account, properly including previously neglected effects. Unlike the 
case of standard Minimal Flavour Violation, we show that all the phases allowed 
by the flavour symmetry can be sizable without violating existing Electric Dipole 
Moment constraints, thus solving also the SUSY CP problem. Finally in Chapter 
flve we discuss a more ambitious pattern based on the f/(2)'^ flavour symmetry. 

^NOTE ADDED: During the time between the approval and the defense of this Thesis, a 
SM-hke Higgs boson with mass between 141 GeV and 476 GeV has been excluded at 95% c.l. 
by the LHC collaborations . The considerations of Chapters [2] and [s] are thus now excluded 
unless the couplings or/and Branching Ratios of the lightest Higgs boson differ significantly with 
respect to the SM ones. 
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This Thesis is mainly based on the papers [2]- [7], whose results have been pre- 
sented by the candidate at the SNS of Pisa (17/02/10), at the EPFL of Lausanne 
(20/06/11) and in the following conferences: IFAE 2010, Roma, Italy (07/04/10) 
H; Young Researchers Workshop 2010, Frascati, Italy (10/05/10) |9|; Planck 2010, 
CERN, Switzerland (01/06/10); ICHEP 2010, Paris, France (24/07/10) (lO|. 
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Chapter 1 
Introduction 



The Standard Model of Particle Physics (SM), eventually with the minimal addi- 
tion of right handed neutrinos, is at present the reference theory of High Energy 
Physics. Up to now it has passed every experimental test, and there is no unam- 
biguous direct hint of additional structure. There are however indirect hints that 
clearly point towards New Physics (NP), and maybe to NP at the relatively low 
energy scale of the TeV. 

In this Chapter we very briefly introduce the SMQ we discuss the reasons 
why it is plausible to expect Npj^ to be visible at the 14 TeV c.o.m. energy of 
the CERN Large Hadron Collider (LHC), and we introduce Supersymmetry. A 
detailed outline of the project is given in the last section. 

1.1 The Standard Model 

The electromagnetic, weak and strong interactions are described by a gauge theory 
based on the symmetry group: 

GsM = SU{3), X SU{2)l X U{1)y • (1.1.1) 

This completely specifies the gauge field content (spin 1 vectors), which is eight 
gluons for the colour SU{3)c and four other vectors for the electroweak SU{2)l x 
U{1)y. 

The matter fields, which come in three generations or 'flavours', are spin ^ 
fermions for which we adopt the concise notation: Q = {ul, ■, u = v}^, d = d^^ 
for quarks, and analogously L = iriL^ei)'^ , n = , e = for leptons. Notice 
that we have included the right handed neutrino n/j, although strictly speaking 



iSee 


11 


for a relatively recent compact review 


2See 


12 


15 


for relatively recent reviews. 
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this would be already 'Beyond the Standard Model' (BSM). The transformation 
properties of these fields under Gsm is given in Table [LTj 
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Table 1.1: Quantum numbers of the matter fermion fields of the SM. 

The above assumptions, which specify all but one of the ingredients of the 
SM, are enough to precisely predict the structure of all the 3-point functions 
of the theory, i.e. the interaction involving three particles. Indeed, the whole 
construction was originally motivated by the need of explaining the universality of 
the couplings of the various fermions to the vector fields, which has been verified 
at the permille level at LEP [16]. To a lesser accurancy, also the triple gauge 
vertices in the SU{2)l x U{1)y sector have been found in agreement with the SM 



prediction. We can thus conclude that the gauge symmetry (1.1.1) is unbroken in 
all the currents and charges of the theory and, needless to say, that it would be 
very difficult to explain the observations without this symmetry. 

However there is obvious evidence that the SU{2)l x U{1)y part of the Gsm 
symmetry is badly broken in the 2-point functions, i.e. by the particle masses. 
In fact three {W^^Z) of the four gauge bosons of this 'electroweak' sector are 
massive (the other one being the massless photon 7), together with the matter 
fermion fields, while it is evident that the only possible mass term compatible with 



(1.1.1) is a Majorana mass for the right handed neutrinos. This is a clear signal 
of Spontaneous Symmetry Breaking (SSB), and the simplest choice is to realize it 
through the Higgs mechanism [T7|. The minimal addition of a colourless complex 
scalar doublet H, (2) of SU{2)l with Y = \ and negative squared mass, concludes 
the particle content of the SM. The Lagrangian of the SM is then defined 18 , 19 as 



the most general renormalizable one which is compatible with the gauge symmetry 



(1.1.1). 



Let us then very briefiy summarize the present status of the various sectors of 



the theory, referring for example to 15 for a recent review. 



1. Strong sector. Quantum ChromoDynamics (QCD) stands as one of the 
best established building blocks of the SM. There are no theoretical problems 
in its foundations and the comparison with the experiments is excellent. 
Although its formulation is very simple: 

Cqcd = -\g%G^/ + - m,)^, , (1.1.2) 
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the theory has an extremely rich dynamical content. The noperturbative 
properties are responsible for the complexity of the hadronic spectrum, 
colour confinement, and a nontrivial vacuum topology. There is also lattice 
evidence for a phase transition at Tq ~ 175 MeV; this 'quark-gluon plasma' 
phase is looked for in heavy ion collider experiments such as ALICE. 

On the other hand due to asymptotic freedom it is possible to perform per- 
turbative calculations at energies much higher than the QCD scale Aqcd ~ 
200 MeVflin order to compare the predictions with any collider experiment, 
it is necessary to match the perturbative QCD computation with a (Monte 
Carlo) Parton Shower algorithm which resums the dominant corrections, 
together with some hadronization modeQ It is then clear why a lot of effort 
is made for improving and understanding these instruments, since they are 
nowadays at the basis of the comparison between theory and experimental 
data. 

2. Flavour physics. Neglecting right handed neutrinos, which are presumably 
very heavy, the U{3)^ flavour symmetry (one group factor for each species 



in Table 1.1 ) of the fermion kinetic terms is explicitly broken by the Yukawa 



interactions with the Higgs field: 

Cyuk = -HQV'u - H^QV^d + LY^e) (1.1.3) 

where the correct Lorentz and SU{2)l contractions are understood and 
Yu,d,e Q^j-Q 3x3 matrice s. Th ese matrices can be diagonalized through field 



redefinition, so that in (|1.1.3|) we can replace Y'^''^ — )■ Y^'^^ while: 



since we are not free to rotate Q anymore. All the flavour violation is 
thus encoded in the Cabibbo Kobayashi Maskawa (CKM) unitary matrix 



VcKM 22 ,23 , and the residual symmetry just implies the conservation of 
Baryon and individual Lepton numbers. 

The 'CKM picture' of the SM is in extremely good agreement with data 



24 , 25 , and this fact imposes very strong constraints on any model invoking 
new physics at the TeV scale. In fact if one adds to Csm a higher dimensional 
operator with generic flavour structure and coefficient of order one divided 
by powers of the NP energy scale A, then the bounds on A are in the 
10^ -7- 10^ TeV rang^ A possible way out is for example to ensure that 



3See 
4See 



21 

^For an 



20 



for a review. 

for a recent review on Monte Carlo simulations. 



updated review see 26 
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the relevant effects occur only at the loop level and moreover that there is 
some suppression mechanism, as in the case of Minimal Flavour Violation 
(MFV) [27]. In this last case, looking at the quark sector, one assumes that 
the theory has the maximal Flavour symmetry U{3)^ which is then broken 
down to the baryon number by the Yukawa couplings: 

Gf = U{3)qxU{3).,xU{3), ^^4' U{1)b (1.1.5) 

The Yu^d are seen as spurious with transformation properties (3, 3, 1) and 
(3,1,3) under Gp- If one considers the SM as a low energy effective the- 
ory and introduces higher dimensional operators respecting this symmetry 
principle, then one finds that there is a CKM-like suppression of the various 
coefficients so that A can now be the TeV scale. 

Neutrino sector. Including also right-handed neutrinos in the previous 
discussion, individual Lepton numbers are not conserved anymore: this is 
precisely what is needed in order to deal with neutrino oscillations, which 
can thus be explained in terms of neutrino masses and mixings^ 



4. Electroweak sector. The ElectroWeak Symmetry Breaking (EWSB) in 
the SM is due to the negative squared mass of the Higgs doublet, which 
causes H to take a nonzero vacuum expectation value (vev): 

{H^ H) = (175 GeVf . (1.1.6) 

The three Goldstone bosons become the longitudinal components of the W 
and Z gauge bosons, and the spectrum contains one residual scalar particle 
h which is the well known (so far experimentally missing) Higgs boson. For 
the massive vectors this implies the tree level relation: 



m| cos^ 9w 



p=l (1.1.7) 



where 6w is the Weinberg angle. A full fit of the ElectroWeak Precision 
Tests (EWPT) compared with the SM including radiative corrections to 
(1.1.7) and to other parameters 29 , taking also the nonobservation of h at 



LEP into account f30], gives 16 



31 



114 GeV <mh< 154 GeV (95% c.l.) (1.1.8) 

Both the upper bound (quite easily) and the lower one (not without ad- 
justements) can be generally relaxed in extensions of the SM. A theoretical 



^For an updated review see 28 
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lower limit on irih can also be derived by requiring that the Higgs quartic 
coupling does not run negative up to some scale A ('vacuum stability'): the 
result is below the experimental bound for A ~ few TeV and ruh > 130 GeV 
for A ~ Mpi |32|. Analogously an upper bound can be derived requiring 
perturbativity up to some high scale ('no Landau pole'), and the result is 



nih < 600 ^ 800 GeV for A ~ few TeV and mt < 180 GeV for A ~ Mp; [33 

We can thus say that the SM Higgs boson should be fully within the range 
of the LHC. Very likely, if absent, a SM-like Higgs boson will be excluded 



at 95% c.l. already in the present run 34 . 



1.2 The hierarchy problem 

If, as already said, the SM is in full agreement with data, why nobody believes 
that it is the 'ultimate' theory of Nature? The answer is that there are many 
indirect and theoretical arguments against this view. Besides the hierarchy or 
'naturalness' problem, which is the main subject of this section, we can list very 
briefly the most robust ones: 

• Gravity is left aside, while we know that it exists and we presume that it 
becomes important for Particle Physics at the scale Mpi ~ 10^^ GeV. 

• Dark matter is required to explain astrophysical observations, but no SM 
particle can account for it. 



Charge quantization most likely suggests that the SM gauge group (1.1.1 ) 
is embedded at higher energy into a larger one which would unify all the 
fundamental interactions. 

Neutrino masses as already said require either right-handed neutrinos 
with a very large mass or something else at a high energy; in any case a new 
high scale must be introduced. 

The pattern of fermion masses and mixings does not have a rationale. 
The strong CP probelm is unexplainecQ 

Matter/antimatter asymmetry and infiatior]|^ cannot be explained 
within the SM. 



^See 



35 



for a review. 



^Except if the Higgs boson itself is the 'inflaton' 36 . 
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On the top of all (but not decoupled from the above issues!) there is the 
hierarchy problem l37l|38], which we now discuss. The point of view outlined 



below is 'philosophically' inspired by 39 . In a nutshell, the point is that the mass 



of a scalar particle which is not protected by any symmetry tends to receive, from 
any particle or interaction, radiative corrections of the order of the corresponding 
energy scale. Thus it is difficult to understand why the SM Higgs boson mass is 
just of the order of 100 GeV, if there is NP at much higher scales as the above 
points strongly suggest. The issue is not free of ambiguities, and depends very 
much on the hypotheses that one decides to make; we will come back to this point 
in section [1. 2. 2[ 



1.2.1 Interpretation of the quadratic divergences 

It is sometimes believed that the hierarchy problem is due to the fact that the 
radiative corrections to the Higgs boson mass are quadratically divergent, if we 
regularize the loop integrals with a sharp momentum cutoff. Although there is of 
course some truth in this sentence, it is not just like this at least for two reasons: 

1. The sharp momentum cutoff is just one of the many possible ways to make 
the loop integral finite, and it is well known that physics does not depend 
on the regularization procedure. For example in dimensional regularization 
there are no quadratic divergences, but of course this does not mean that 
the hierarchy problem disappears. 

2. Also a fermion loop on the photon line is quadratically divergent, but this 
does not mean that a massless photon is unnatural. 

Of course the issue is more serious and not that naive, as we now show. 




Figure 1.1: One loop corrections to the self energy of the scalar h, see text. 
Consider a fermion field / with Yukawa coupling: 

C-Yukawa = -yhjLfB + h.C. (1-2.1) 
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and let us regularize the loops with a cutoff A. Its contribution to the h scalar 
self energy n(p^) (Figure 1.1 left) at zero momentum, and thus to ruh, is: 



p2=0 

(1.2.2) 



where Aj = m'j — x{l — x)p'^, p is the momentum of the h line and are finite 
terms. 

Let us now consider a process involving energy scales fi much higher than 
the value of the mass of the scalar particle when it is produced on shell, the 
so-called 'pole mass' because it corresponds to the pole of the propagator (/i ^ 
^poiey j£ renormalized perturbation theory using for the scalar mass, 

then quantum effects will give in general significant corrections to the physical 



observables, and it will be necessary to compute the relevant amphtudes at many 
orders in perturbation theory. It is instead convenient to treat m/j as a parameter 
of perturbation theory, defined by a renormalization prescription at the scale /i, 
for example: 

S;}Sp')\,.=,. = - ml{^i) (1.2.3) 

where Sren{p^) is the renormalized propagator of the scalar h. As a result rrih 
becomes an 'effective mass' and starts running with the energy scale /i according 
to the Renormalization Group (RG) flow, like the other parameters of perturbation 
theory, with initial condition: 

mh{ml°^'') = ml"^" . (1-2.4) 

In this way the most important quantum corrections are resummed provided that 
one uses the value of this 'running mass' m/i(/i) to compute the mass effects in a 
process involving the typical momentum scale fi. Thus mh{n) is 'the mass that 
minimizes the quantum corrections if we probe the theory at the energy scale /i'. 
On the other hand, consider a fundamental theory that describes the physics at 
a very high energy scale Aj„, and suppose that the value of the mass of our scalar 
particle is derived from the fundamental parameters of the theory at this high 
scale. Then, from the point of view of the fundamental theory, the 'initial value' 
of this parameter will be m/i(Aj„) at the scale Aj„, to be run down according to 
the RG flow. 

Actually there is an ambiguity here, because the running mass can be defined in 



different ways by using renormalization conditions different from (1.2.3). However 



this does not influence the essence of the problem, in fact notice that: 

• The quadratic divergence is canceled once and for all by the counterterm, 
so that it does not play any physical role. 
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U fi < nif then the logarithm in (1.2.2) is rougly independent on p , and it 



is again canceled by a constant counterterm. 

li fi > rrif the correction starts being logarithmically energy dependent. This 
behaviour cannot be reabsorbed in the counterterms, which are polynomial 
functions of the momentum. The unavoidable consequence is that rrih starts 
running according to the Renormalization Group Equation (RGE) : 



2 



where stands for other terms that are eventually present, for example 
proportional to ml itsef. Notice that this does not depend on having used 
a cutoff regularization instead of other methods, although in rrihifi) there is 
some ambiguity related to the renormalization conditions that one chooses. 
However this ambiguity is only related to the polynomial terms in the self 
energy Il{p^) as a function of p^, and it reflects the possibility of a different 
choice of the counterterms, while the logarithmic contribution is completely 
fixed by the theory. 

From the point of view of renormalized perturbative quantum field theory. 



we can thus say that the hierarchy problem stems from (1.2.5) and not, strictly 



speaking, from the quadratic divergence in (1.2.2)! Recall in fact that, for a 
fermion mass, the RGE is always proportional to itself thanks to chiral symmetry, 
and thus a fermion mass 'tends to remain small if it is initially small'. Analogously, 
the photon mass is protected by the gauge symmetry, and the quadratic divergence 
comes from the fact that a sharp momentum cutoff is not gauge invariant: once 
we remove it through a constant counterterm, we do not have any running, so 
that if it is initially zero it remains zero. 



Let us now think about what ( 1.2.5[ ) means, posponing to Section 1.2.2 



more detailed 'philosophical' discussion. Since analogous effects come from the 
interaction with scalar particles (Figure |1.1| right) or vectors, the above result 
shows that the running mass of a scalar particle takes contributions from the 
mass of any particle it couples to. Suppose now that we look at the SM as the 
low energy remnant of a more complete theory, whose parameters are given at 
the 'input scale' Aj„, and we want to try to construct this theory. The question 
that one has to ask himself is whether it is easy or not to do that. The hierarchy 
problem amounts to recognize that the answer is that it is highly nontriviall In 
fact we have to specify the value of m/i(Aj„), where now h is the Higgs boson, and 
then run it down to low energy in order to find the value mh{KsM)- Let us see 
how precise this initial condition must be. To this end we change it by a small 
amount e, and see how the low energy theory is modified: 

nihi^in) ^ (1 + e)mh{A,,ri) rrihiAsM) ^ (1 + A e)mhiAsM) ■ (1-2.6) 
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Equation (1.2.5) with rrif ~ is a fair way to mimic the effect of the couphng 



of h to the high energy (or short distance) physics, and the resuh is: 

^ ^ log (Asm) ^ A^„ ^ 
d\ogml{Ain) uiKAsm) 

The unavoidable conclusion is that, to guarantee rrihiAsM) ~ 10^ GeV assuming 
that the input scale Aj„ is at least the Planck scale Mpi ~ 10^^ GeV, requires the 
initial condition to be given at least with the precision of one part over A ~ 10^^. 
This is the hierarchy problem in terms of finetuning, as originally defined in |40|41| , 



and (1.2.7) is usually refered to as the amount of finetuning (or inverse finetuning). 

Before switching to more 'philosophical' aspects, let us make a short remark 
about the quardatic divergences. Is it completely wrong to talk about naturalness 
in terms of them? Suppose that the hierarchy problem is solved by means of a 
symmetry which protects the Higgs boson mass against large corrections. This 
symmetry has to be broken at low energy, and it will be restored at some higher 
scale Ajvp. In particular at energies higher than A^vp there will be additional 
particles and interactions which 'symmetrize' (i.e. cancel) the contribution of SM 
fermions to the running of rrih. If we regularize the various contribuitions to the 



self energy with a cutoff A, we must have something like (1.2.2) with irif replaced 
by Aatp. Then the quadratic divergence will cancel out because of the symmetry, 
but in general there will be finite and logarithmic terms with coefficient of the 
form: 

Since at higher energy the theory respects the symmetry, Ajvp is the largest non 
symmetric scale to which the Higgs boson is coupled, and thus it will replace Aj„ 



in (1.2.7). At the end of the day we obtain, for the dominant top contribution: 



6ml ~ J|a^p <Axml Ajvp < ^h^^ x VA ~ 1 - 2 TeV (1.2.9) 

where A is the finetuning we tolerate, and we have set A = 10 and rrih = 100 -=-200 
GeV in the last step. Thus after all the usual 'naive' estimate is absolutely correct, 
as one would have guessed thinking in terms of effective theorie^ 

1.2.2 Possible solutions of the hierarchy problem 

As already said, naturalness arguments are not free of ambiguities and depend on 
the hypotheses that one decides to make. Nevertheless, not without simplification, 
we can say that there are five main possibile attitudes: 



See 42 for an introduction. 
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1. Not to believe that it is a problem. However one should not forget 
that, without extreme adjustement of parameters (see next point), this view 
is equivalent to making the following hypotheses: 

hi') The SM is the ultimate theory and no other fundamental 

scale exists in Nature or, if there exist any such new (1.2.10) 
fundamental scale, it is totally decoupled from the SM 
(in spite of the presence of gravity) . 

With this assumption the SM is absolutely natural. The Higgs boson has a 
mass which is exactly of the same order of the only energy scale he couples 
to, which is the Fermi scale v. 

This hypothesis however is somewhat 'scientifically arrogantj^, or at least it 
denies the view that the SM is the low energy remnant of a more fundamental 



theory. Also in light of what said at the beginning of Section L2, anybody 
can judge how defendable it is. 

2. The way of finetuning. In this case we agree on the fact that new physics 
exists, and we accept the tremendous finetunig required for having a light 
Higgs boson in the low energy theory, that is the SM. The best way to 
support this view is through anthropic arguments. For example, the cos- 
mological constant poses another huge unsolved naturalness problem, yet 
its value is close to the upper bound beyond which galaxy formation is not 



possible 44 . Analogously with rrih very different from its value we would 
not have atoms, and again life would be impossible. One can then say that, 
if we live in a Multiverse where different physics takes place in different 
Universes, our one is maybe not 'natural' but it is one of the few which can 
allow our existence. 

This position is undoubtly respectable, although to many people it seems 
much like 'giving up' and avoiding to face the problem. 

3. The way of symmetry. Suppose that we reject extreme finetuning and 
we make the following hypotheses: 

hi) The SM is not the ultimate theory and 

other fundamental scales do exist in Nature 
h2) There are no fine adjoustments. (1.2.11) 
h3) The parameters of the low energy theory are 
calculable in terms of those of the full one. 



■'One should always be open to the possibility that there is something to discover: "There 



are more things in heaven and earth, Horatio, than are dreamt of in your philosophy" 43 
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As already said hi is almost undeniable, and the existence of gravity as a 
fundamental interaction implies that the input scale Aj„ is at least as large 
as Mpi. If we make these hypotheses, the unambiguous consequence is that 
New Physics must respect a symmetry which protects the Higgs boson mass. 
Moreover the characteristic energy scale at which this symmetry (and thus 



this NP) manifests itself cannot be much different from estimates like (1.2.9). 

One may also give up h3 insisting on hi, h2 only. In this case one is led to 
strongly coupled theories in which the Higgs boson is a composite object, or 
more generally there is a composite sector which breaks the EW symmetry 
that may or may not contain a Higgs-like composite particle (in the latter 
case we speak about 'higgsless' models). For example the problem disap- 
pears if the Higgs boson is a condensate of new fermions, so that there are 
no elementary scalar particles in the fundamental high energy theory, as in 



Technicolor models^ This possibility is indeed very plausible, since it is 
exactly what happens to QCD when the quarks combine to form mesons. 
The main difficulty in this case is dealing with the EWPT and with the lack 
of calculability. 

The way of reducing the hierarchy. Another possible way to avoid the 
hierarchy problem is to eliminate the hierarchy, i.e. to make Mpi not far from 
the TeV scale. This is possible in the context of Large Extra Dimensions 



(LED) [46 ,47 , in which the 'volume' of the n compactified extra dimensions 
reduces the true Planck scale Mpi to: 

(1.2.12) 

SO that it can be Mp^ <^ Mpi if V(„) is large in TeV~" units. This possibility 
is not incompatible with the experiments, if only gravity can propagate in 
the extra dimensions. A realistic model has not emerget yet, in fact one 
can argue that the hierarchy has just been 'transfered' to V(„) (why is it 
large?). In any case from a phenomenological point of view this stands as 



a very interesting possibility to be checked at colliders 48 -50 , and in fact 



new relevant bounds are already coming from the LHC 51 . In line with the 



idea of extra dimensions, another promising possibility is that of a hierarchy 



due to a 'warp' factor 52 , 53 , which however can be seen to be equivalent 



to a 4-dimensional strongly coupled conformal field theory (see also section 



1.2.3 below). 



^^See 45 for a recent review. 
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In the present study we will take the view of point 3, with hypotheses hi — h3 
(1.2.11). The most popular related possibilities are the Higgs as a Pseudo- 



Goldstone boson EWSB through boundary conditions of extra dimensions in 
which the Higgs boson is the fifth component of a gauge field 55 , and Supersym- 
metr} From now on we will focus on this last one, which is often considered 



'the standard way beyond the Standard Model'. 



1.2.3 A remark 

As a last quick remark, notice that the separation between the various construc- 
tions detailed above is not always well defined. In fact in Quantum Field Theories 
there are dualities like the AdS / CFT correspondence 71 , so that a model can be 
exactly equivalent to a completely different one. For this reason one should insist 
on the experimental signatures of a model and not on practically 'unobservable 
aspects', like e.g. the fact of involving hidden dimensions. 



1.3 Super symmetry 



To start with, let us suppose that besides the fL,R fermion field(s) of (1.2.1) we 
have two complex scalar particles sl,r with couplings: 



jCscalars = -^h"^ i\s + \s r\^) - h{lJ,L\s + fiR\s rI"^) - ml\s - m%\s r\ 

Their contribution to the self energy of /i at = is: 



:i.3.i: 



Sml\s{4) = n3{4)(p^)|p2=o 



167r2 



2A2 - ml log 



A^ + m'j 



m, 



A^ + m| 



m 



R 



+ 



:i.3.2l 



p2=0 



from Figure 1.1 center, and: 



6ml\s(3) = n,(3)(p2)| 



167r2 



p2=0 
1 

dx 



A log 



A^ + Al 



+ /i^log 



A2 + A, 



A 



R 



+ 



;i.3.3) 



p2=0 



from Figure 1.1 right, with again A/^ /j = m\ ^ — x{l — x)p'^. We immediatly see 
that if A = 2y the quadratic divergence of (1.2.2) is canceled, and if it is also 



-'^^For a recent review and list of references see 

13 



54 



A reasonalbly fair 'historical list of references^ could be the following: for the initial ac- 
tivity (before 1980) [56]; for softly broken Supersymmetry 57,58 ; for minimal Supergravity 



(mSUGRA) 59 -62 ; for gauge madiation 63 - 65 
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ruf = rriL = rriR = fh and IJ'j^ = f^'ji = 2Xm'j the logarithmic divergences are 
canceled too. Supersymmetry (SUSY)[^ is precisely a fermion-boson symmetry 
which guarantees the above conditions. By properly renormalizing the theory one 
can see that in the RGE of rrih there are no terms proportional to rh, that is: 



dlog /i 



oc ml 



;i.3.4) 



The situation is now much different from ( 1.2.5 )! We can say that a scalar particle 



can couple to a supersymmetric system at arbitrarily high energy scales without 



receiving large contributions to its mass. The analog of equation (1.3.4) is true 



for any parameter which does not violate supersymmetry: this is one of the con- 
sequences of the so-called 'non renormalization theorems'. It is evident that we 
are on a good path toward the solution of the hierarchy problem. 
Three observations are in order: 

1. A priori it is not obvious that, in a theory without quadratically divergent 



contributions to m^, the result (1.3.4) holds. However only a symmetry can 



guarantee it, and this symmetry whenever present will also imply at least 
the cancellation of quadratic divergences. Thus the cancellation of these 
divergences, even if not sufficient, is certainly a necessary condition. 

2. Since we do not see multiplets of particles with different spin and same 
mass in the experiments, supersymmetry must be broken. One can then 
ask himself how 'natural' is to introduce a lot of particles and then to make 
them heavy in order to explain why we do not see them. The answer is that 
for this fact there is a good reason, namely that all the particles that we 
do not see are precisely those which admit gauge invariant (although susy 
breaking) mass terms. 



3. The estimates (1.2.8) and (1.2.9) hold now with: 



A^rp ~ SUSY breaking masses at the energy scale M. 



;i.3.5) 



where the choice of the letter 'M' comes from the idea that supersymmetry 
breaking is communicated to the SM sector through some 'Messengers' at 
this scale. It is the running of the relevant parameters from M down to 
low energy that may need some amount of cancellation in order to correctly 
reproduce the SM. This means that there is a residual finetuning in super- 
symmetric models: the point is that we now have the chance to reduce A, as 
defined in (1.2.7), from 10^^ down to 10^ [or 10^], which can be considered 



an acceptable [better than 10^'^ but uncomfortable] amount. 



"'^^Throughout all this section we will just refer to the introductory reviews 66-68 . 



15 



SUPERSYMMETRY 



Introduction 



1.3.1 The Minimal Supersymetric Standard Model 

For brevity we will not prove anything about the construction of a general super- 
symmetric model, limiting ourselves to writing down the 'practical' recipe. We 
will also consider only W = 1 SUSY' which means that there is only one operator 



that transforms fermions into bosons and vice-versc 



The relevant supersymmetric representations, also called 'superfields', are 
chiral superfields (composed by one two component fermion ip, one complex 
scalar field or tp, and one complex auxiliary scalar field F) and vector 
superfields (composed by one vector A^, one two component fermion A" 
or A"' and one real bosonic auxiliary field D). The auxiliary fields do not 
propagate, they are just a useful trick for writing down a supersymmetric 
Lagrangiai]^ and they are later eliminated through their equation of motion 
(EOM). 

The Lagrangian is constructed as follows. All the kinetik terms are the 
usual ones, including covariant derivatives, while the interaction terms (after 
eliminating F and D via their EOM) are just: 

(1.3.6) 

where g and are the gauge coupling and group generators, while Wi 
[Wij) are the first (second) derivatives with respect to (pi {(pi and (pj) of 
the superpotential W . This object is in principle the most general analytic 
function of the scalar fields 0,, however for renormalizable theories without 
gauge singlets it has the form: 

W = ^Mij(pi(pj + ■^yijk(pi(pj(pk ■ (1.3.7) 

We wrote W in terms of the scalars, however we can think of it as expressed 
in terms of the superfields. It is easy to see that M*j^Mkj is the squared 
mass matrix for both the bosons and the fermions, while the Uijk generalize 



the Yukawa couplings. The first and second terms in (1.3.6), which give the 
SUSY-respecting scalar potential, are respectively called the F— term and 
term. 



^^The reason is that if > 1 the fermion fields are always 'vector like', which means that 
they always allow gauge invariant mass terms. This is not very useful, since the SM fermions 
are well known to be 'chiral' (i.e. they do not allow such mass terms). 

^^The usefulness comes from the fact that without them one obtains a Lagrangian which 
respects SUSY only when the particles are on shell, for a reason of degrees of freedom. 
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The breaking of SUSY is theoretically expected to be spontaneous, and 
there are many ways in which this could happen. From a practical point 
of view we can parametrize our ignorance about this issue by introducing 



sofll^ SUSY breaking terms of the form 



18 



soft 



^maX^X" - ^aijk(pi4>j4>k + ^bij(pi4>j + h.c. 



m\Mc\>^ (1.3.8) 



We now have all the ingredients we need for constructing a supersymmetric exten- 
sion of the SM. The first step is to promote all the SM fields to superfields, adding 
the corresponding 'superpartners', denoted with a tilde: squarks and sleptons for 
quarks and leptons, gauginos for gauge bosons, higgsinos for the Higgs scalars. We 
then notice that in the SM we have some Yukawa couplings involving two quark 



fields and the conjugate of the Higgs doublet (1.1.3), while it is not possible to 
generate these terms from the Superpotential W due to its analiticity properties. 
We are thus forced to introduce two Higgs doublets with opposite hypercharge 
F = named and depending on the quark species they couple to. The 
superpotential of the Minimal Supersymmetric Standard Model (MSSM) is then 
given by the extremely simple expression: 

Wmssm = uYuQHu - dYdQHd - cY.LHd + ^^H^Hd , (1.3.9) 
while the soft breaking terms are: 

'Cff/f*^ = -\{Mfgg + M2WW + MiBB + h.c^ (1.3.10) 



(uAuQHu - dAdQHd - cAeLHd + h.c. 



-m 



l^HlH^ - mlHlH, - {hH^H, + h.c.) 



where Af and m?j are matrices in flavour space. 

Let us briefly sketch some of the main phenomenological implications of the 
MSSM, before discussing in the next section why some additional ingredient might 
be useful. 



1. Actually (1.3.9) is not the most general superpotential compatible with the 



gauge symmetry: more B— and L— violating interactions are in principle 



^''l.e., in this context, with positive mass dimension and moreover such that the UV structure 
of the theory remains unchanged, in particular quadratic divergences must not be reintroduced. 

^^Terms of the form Cijk4>i4>j(f>k can lead to quadratic divergences if there are gauge singlets. 
Also other terms are in principle allowed, but they are not relevant for the MSSM. 
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allowed (notice that the L and Hd superfields have the same gauge quantum 
numbers), but they pose serious phenomenological problems hke a too rapid 
proton decay. To forbid these terms, one can impose the conservation of 
the quantum number called 'matter parity': it commutes with 

supersymmetry since within each supermultiplet the quantum numbers are 
fixed, and moreover it is theoretically better than imposing separate conser- 
vation of B and L££ 

2. Since also the spin s is conserved in the vertices, we can recast matter parity 
in the form: 

called 'R parity'. It is easy to see that all the SM particles have R-parity +1, 
while all the superpartners have R-parity —1. This has a very important 
phenomenological consequence, namely that the SM particles can only cou- 
ple to two superpartners. This means that superpartners will be produced 
in pairs at colliders, and moreover that the Lightest Supersymmetric Par- 
ticle (LSP) must be absolutely stable. This feature makes the LSP a very 
good Weakly Interacting Massive Particle (WIMP)-Dark Matter candidate. 

3. It can be seen that the mass of the lightest Higgs scalar is controlled by the 
quartic coupling of the Higgs sector. As a consequence, there must he a light 
CP-even Higgs scalar h, with the tree level relation: 

< m|cos2(2/3) (1.3.12) 

where tan/3 is the ratio of the two vevs, Vu/vd- This feature is in principle 
more than welcome, since the precision data indeed suggest a light Higgs 
boson. The only problem is that h is now so light that it should have been 
seen already at LEP! We will come back to this issue in the next section. 

4. EWSB can be 'dynamically realized', with the squared Higgs mass that is 
positive at high energies and then it is driven negative by the running due 
to the large top Yukawa coupling. 

5. With the 'SUSY scale' (i.e. the typical scale of the sparticle masses) around 
the TeV and then nothing else, gauge coupling unification happens with 
good precision at energies of order 10^^ GeV. 

^^In fact it is known that they are individually violated at very high energy by nonperturbative 
effects (sphalerons) , while B — L can be exactly conserved. 
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1.3.2 Why to go beyond the MSSM 

After this very brief and incomplete introduction to the MSSM, which is however 
sufficient for our purposes, let us list the reasons why it can be motivated to 
consider additional ingredients. 

1. The finetuning problem in the MSSM. As already said, the origin of 



the problem is basically (1.2.8) and (1.2.9) after substituting (1.3.5). More 



precisely, minimizing the scalar potential which leads to EWSB one finds: 



sin (2/3) 



2b 



Hi 



2|/i| 



rrir 



H, 



m 



v/l-sin2(2/3) 



— m 



2 1-12 (iftan/3>l). 



;i.3.13) 
1.3.14) 
1.3.15) 



Let us look for simplicity at the case (1.3.15). The value of — mj^ at low 



energy is determined by its value at the Messenger scale M and by its 
running. For example the top system gives the one loop running: 



1 



dm?TT 



d log /i IGvr^ 



Q\yt\ 



(mQ3 +m„3). 



;i.3.16) 



Thus in general large stop masses introduce a large radiative correction on 
m'jj^{100 GeV) with respect to its original valuern^(M) = m^^(100 GeV)- 



Smjf \rad- Using the definition of finetuning (1.2.7) and fixing the amount 



A that we tolerate, we get from (1.3.15): 



d log m| 
d log m2(M) 



< A 



{Sm^Jradl < A ■ 



rrir. 



;i.3.17) 



from which we have an upper limit on the stop masses. 

What is then the problem with light stops? The point is that at tree level 



(1.3.12) holds, and we know it to be in confiict with data (1.1.8). The only 



possibility within the MSSM is to raise rrih through radiative corrections; 
the dominant contribution comes from the stop sector, and using the one 
loop effective potential one finds: 



20 



ml 1 1 loop < ml cos^ (2/3) + log * 



47j-2|;2 



1.3.18) 



mt 



20 



Neglecting the at term. 
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where it the average stop mass squared. If we want to make rrih larger 
than 114 GeV in this way, we need stop masses of the order of the TeV, 
which means A > 100. This starts being quite unconfortable: at least we 
can say that one would have expected SUSY to do better. For a very clear 



and detailed discussion of this point see 69 



2. The fi problem. Looking at (1.3.15) we also recognize a very odd feature: 
the value of mz is determined by the difference between —m?^^ and 
Since rn?Hu t^nds to receive radiative contributions much larger than m|, 
either they are both large and there is a mysterious cancellation or they are 
both of order of the Electroweak scale. But these parameters are totally 
unrelated from a conceptual point of view (/i respects SUSY, while m|^^ is 
a soft breaking term), thus there is no clear reason why they should be of 
the same order, and this is the so-called '/i-problem'. 

3. The SUSY Flavour problem. As already said the CKM picture of 



Flavour in the SM, originating from (1.1.3), works extremely well. Also 



the supersymmetric part of the MSSM (1.3.9) would reflect this picture, if 



it were alone, with almost the same number of free parameters as the SM. 



But once we introduce the soft breaking terms (1.3.10) we end up with a 
model with more than 100 new free parameters, and the CKM structure is 
completely destroyed. Possible ways to try to solve the problem are: 



• Degeneracy: if the squark squared mass matrices in (1.3.10) are propor- 
tional to the identity matrix and the a— terms are proportional to the 
Yukawa couplings, then no additional flavour structure is introduced 
and we are back to the CKM picture. 

• Alignment the same is true if these matrices, although not proportional 
to the unit matrix, are diagonal in the 'CKM basis' for the matter 
fermions. 

• Hierarchy: all the new effects can be suppressed by letting the sfermions 
to be very heavy, especially the squarks of the first two generations. 

Of course it is not so easy to realize these conditions in the MSSM: the 
first two assumptions require a good explanation, while the third one poses 
naturalness problems, as we will see in the next Chapters. 

The SUSY CP Problem. Besides the Flavour changing contributions, 
there are new effects with respect to the SM that do not go to zero even in 
the limit in which the full Flavour Symmetry [/(3)^ is exact. These effects 
are related to the CP violation stemming from the new phases which are not 
related to Flavour, the so-called Flavour Blind (FB) phases, which typically 
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give large effect in the Electric Dipole Moments, in potential conffict with 
the strong experimental bounds. 



Let us see exactly how many such phases are there in the MSSM. In |1.3.9 

1, 2, 3. Two phases can however be removed through 



and 1.3.10 there are 8 complex parameters fj,,b,af,Mi with^^ 
and f = u,d,e , i 
suitable rotations: 



A 'Peccei Quinn'-like rotation which acts on the superfields as 11^ ^ — )■ 
e^^^Hu^ and u,d,e ^ e~*^i {u, d, e). This is equivalent to saying that we 
are redefining /i, 6 — )■ e^*^^ (/i, b), since all the other terms are invariant. 



If we promote the R-parity 1.3.11 to a U{1) sym metry acting as — ?■ 



-02 



ip where s is the spin, remembering 



1.3.6 



we see that ev- 



erything is invariant but the a-terms, the gaugino masses, the Higgsino 
mass term (given by /i) and some other term involving /i in the scalar 
potential. Doing such a rotation is equivalent to the following rephasing 
in the Lagrangian: 



In conclusion, since the physical phases must be invariant under both rota- 
tions, we end up with only 6 FB phases which we can choose to be: 



Arg(a^Mj) and Arg(6* /iaj) 



1.3.19) 



In case of universal a-terms they become 4, and if we further assume that 
the gaugino masses have the same phase they become 2. 

In the following we will not try to address the issue of point 2, focussing instead 
on points 1, 3 and 4 which are the basic motivations of this research project, as 
discussed in detail in the next section. 



1.4 Detailed outline of the project 

In this section we give a detailed summary the content of the subsequent Chapters, 
so that the guiding ideas are clear from the beginning^ 

^^As usual, we assume that the Ay-terms are proportional to the corresponding Yukawa Yf. 

^^NOTE ADDED: During the time between the approval and the defense of this Thesis, a 
SM-like Higgs boson with mass between 141 GeV and 476 GeV has been excluded at 95% c.l. 
by the LHC collaborations [l] . The considerations of Chapters [2] and [s] are thus now excluded 
unless the couplings or/and Branching Ratios of the lightest Higgs boson differ significantly with 
respect to the SM ones. 
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Supersymmetric Standard Model without a light Higgs Bo- 
son 

In Chapter [2| mainly based on [2] , we give attention to supersymmetric models 
with extra tree level contributions to the Higgs quartic coupling, and thus to 
the masses of the Higgs sector. Instead of adopting the more 'traditional' point 
of view of requiring that the new couplings must not run to large values before 
the Grand Unification (GUT) scale, we stick to a bottom-up approach and just 
require that they do not become strong before a scale A which can be as low as 
10^ -7- 10^ TeV. This means that we insist on naturalness and compatibility with 
the EWPT, giving up manifest perturbative unification. Notice however that 
this does not necessarily imply that unification cannot occur, in fact there are 
explicit examples in which the theory undergoes such a change of regime at an 
intermediate scale without disturbing the gauge coupling unification. 

In a minimalistic approach, we focus on the simplest possible extensions of the 
MSSM which can meet the goal: adding a new U{1) or SU{2) gauge interaction, 
or adding a gauge singlet with large coupling to the Higgses (ASUSY), and we 
study the constraints coming from naturalness and EWPT. We will see that it is 
indeed possible to have rrih = 200 -^ 300 GeV at tree level; the price to pay is a low 
scale A of semiperturbativity (where some expansion parameter becomes equal to 
1), and sometimes a low scale M at which the soft breaking terms are generated. 

A Non Standard Supersymmetric Spectrum 

In Chapter [sj mainly based on [s] , we present a unified viewpoint on the Higgs 
mass problem and the Flavour/CP problems in Phenomenological Supersymme- 
try. We do not make precise assumptions about the symmetry structure of the 
Flavour sector (this will be done in Chapter |4]), but we argue that if one makes rel- 
atively reasonable assumptions about the size of the relevant mixings and phases 
then the SUSY Flavour and CP problems are definitely relaxed if the sfermions 
of the first two generations are as heavy as 20 TeV, while the ones of the third 
generation can be at about 500 GeV. This 'hierarchical' picture, which has often 
been considered in the literature as a way to alleviate the SUSY Flavour problem, 
tends however to be disfavoured by naturalness arguments. In fact the soft masses 
of the first two generations mi^2 produce radiative corrections to rrih that are usu- 
ally subdominant with respect to the ones coming from the third generation, but 
that can become relevant in case of large hierarchy. More specifically, to have 
no more then 10% finetuning one needs in the strongest case mi^2 < 2 TeV for 
M = Mgut, or mi,2 < 7 ^ 9 TeV for M = 10=^ ^ 10^ TeV. 

It is then clear that lowering M may not be enough to solve the SUSY Flavour 
problem, unless one makes stronger assumptions about the symmetry structure of 
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the Flavour sector. Instead of doing so, we notice that the naturaleness bounds on 
the various masses scale rougly as m^f^^^/mz, and thus in a context in which the 
Higgs boson mass is increased at tree level it is naturally possible to have a larger 
mi 2- To see this, we go back to the three models studied in Chapter [2]and compute 
this naturalness bound. The result is that mi 2 ~ 20 TeV is possible only in the 
case of ASUSY, while in the case of gauge extensions the naturalness bounds turn 
out to be even stronger because the new large coupling is shared also by the first 
two generations. We also show that the requirement that electromagnetism and 
colour are unbroken is not of concern in our case. Finally we discuss some peculiar 
phenomenological features of this 'Non Standard Supersymmetric Spectrum' in 
connection with collider signatures and Dark Matter. 



Effective MFV with Hierarchical sfermions 

In Chapter |4| mainly based on [4] and [6] , we study the consequences of making 
some more precise assumptions about the flavour symmetry and its breaking pat- 
tern. As discussed in the previous Chapter, a hierarchical spectrum goes in the 
right direction in order to solve the SUSY Flavour and CP problems, provided 
that one is able to defend some amount of degeneracy and alignment at least of 
order of the Cabibbo angle. On the other hand in a model with Minimal Flavour 
Violation (MFV) the suppression of the new sources of flavour violation is very 



efficient, but the usual pattern (1.1.5) in a supersymmetric context implies that 
the squarks are almost degenerate and thus relatively light. This in turn means 
that the Flavour Blind (FB) phases typically give rise to large contributions to the 
EDMs, and the need of small phases without any explanation means that there 
is a (SUSY) CP problem. 

Motivated by these considerations and by the special role of the top Yukawa 
coupling, we analyze a pattern of flavour breaking in which only the squarks that 
share the top Yukawa coupling with the Higgs boson are light. Moreover in the 
limit Irf — )■ we assume that the individual flavour numbers are conserved in the 
quark sector, which means that is diagonal in the same basis that diagonalizes 
the squark mass matrices. Focussing on the quark sector, we show that the flavour 
breaking pattern: 

= [/(l)^+„ X f/(3), ^ Uil)B (1.4.1) 

is as efficient as the usual MFV in protecting from large FCNC, and we determine 
the precise bounds on the heavy masses which turn out to be typically around 
5-i-lO TeV. To do so we properly compute the QCD corrections to the Wilson 
coefficients, including an effect which has been so far neglected. 

Finally we study CP violation in this framework of 'Effective MFV with hi- 
erarchical squark masses. The new feature with respect to the usual MFV case 
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(1.1.5) is that, thanks to the hierarchical spectrum, the FB phases can now be siz- 
able without being in conflict with the EDM constraints, thus solving the SUSY 
CP problem. We will see that, to suppress the effect of 0(1) FB phases, the 
necessary hierarchy is actually relatively mild, and thus compatible with ~ 10% 
finetuning even in absence of extra contributions to the lightest Higgs boson mass 
at tree level. Interestingly, due to the lightness of the left-handed sbottom, these 
phases can produce CP violating effects in B physics which are within the reach 
of future experiments. This is at contrast with the usual MFV case in which, after 
satisfying the EDM bounds, there is no room for any new effect. Our analysis 
thus reinforces the importance of experiments looking for EDMs and CP violation 
in B physics as complementary with respect to the LHC search. 

U{2) and MFV in Supersymmetry 

In Chapter [sj mainly based on |^ we take a more ambitious point of view and we 
analyze the consequences on the current flavour data of a suitably broken U{2)^ 
symmetry acting on the first two generations of quarks and squarks. 

In fact in the previous Chapters we keep the first two generations sufficiently 
heavy to suppress the corresponding new contributions to the AF = 2 amplitudes, 
and we call this 'Effective MFV. On the other hand, new relevant effects are 
around the corner in the AB = 1 amplitudes and in the EDMs, which can be tested 
by future experiments. In this Chapter, instead, we look for sizable corrections 
also in the AF = 2 amplitudes, that can relax the amount of 'tension' which is 
present in the CKM fit, especially between S^Ks ^k- In fact if one removes 
one of the two from the fit, then the prediction for it, based on all the other 
observables, is 4 5 a away from the experimental value. Moreover we try to 
go in the direction of explaining, at least in part, the pattern of fermion masses 
and mixings. We thus modify an earlier proposal of U{2) flavour symmetry by 
extending it to f/(2)^ = U{2)q x U{2)u x 11(2)^, broken in a suitable way. This 
pattern is again as efficient as MFV in suppressing the various FCNC, and there 
are only two new parameters with respect to the usual CKM picture: one angle 
and one phase. Interestingly, by means of these two new parameters it is possible 
to eliminate the tension in the CKM fit: notice that not every model is capable to 



do so with a reasonable number of extra free parameters'^^ Moreover, the region 
of parameter space that is prefered by the fit gives the well defined prediction: 
0.05 < S^tf) ^ 0.2 -to be tested soon at LHCb- together with gluino and left 
handed sbotton masses below about 1 -^ 1.5 TeV -to be tested at the LHC. 



^^See e.g. 70 in which it is shown that it is not easy in the context of Left-Right symmetric 
models. 
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Chapter 2 

SSM without a light Higgs boson 



2.1 Motivations 

As discussed in the Introduction, the unexplained large difference between the 
Fermi scale and the Planck scale is the main reason why the Standard Model Higgs 
sector is widely held to be incomplete. Low energy Supersymmetry provides one of 
the most attractive solutions to this hierarchy. Its main virtues of are, virtually: 
i) naturalness, ii) compatibility with Electroweak Precision Tests (EWPT), iii) 
perturbativity, and iv) manifest unification. However, after the LEP2 bound 
m/j > 114.4 GeV [30] on the lightest Higgs boson mass, the MSSM has a serious 
problem in dealing with (i). The reason is that cannot exceed irtz at tree level, 
and increasing it through large radiative corrections goes precisely in the direction 
of unnaturalness. Even with the addition of extra matter in the loops [72] it is 
difficult to go much beyond 115 GeV without a large amount of finetuning. This 
motivates the study of models with extra tree level contributions to the Higgs 
quartic coupling, and thus to the masses of the Higgs sectoi{^ 

There can be extra F terms, like in the Next to Minimal Supersymmetric 



Standard Model (NMSSM) l73l- 75 , or extra D terms if the Higgs shares new 



gauge interactions [76]- [81], or both ingredients 82,83 . The usual/earlier ap- 
proach is focussing on unification and requiring that it be not disturbed by the 
extra matter and interactions: at least the new couplings must not become strong 
before Mqut- For this reason it is typically difficult to go beyond m/j = 150 GeV. 
The issue is particularly relevant in view of the LHC: should we throw away low 
energy Supersymmetry if the lightest Higgs boson is not found below 150 GeV? 



^NOTE ADDED: During the time between the approval and the defense of this Thesis, a 
SM-hke Higgs boson with mass between 141 GeV and 476 GeV has been excluded at 95% c.l. by 
the LHC collaborations 1 1 . The considerations of this Chapter are thus now excluded unless the 
couplings or/and Branching Ratios of the lightest Higgs boson differ significantly with respect 
to the SM ones. 
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As originally suggested by 84 , the request of manifest unification could be highly 
too restrictive. In fact there can be anything between the Fermi scale and the 
unification scale, and we cannot conclude that unification is spoiled just because 
some couplings become strong at an intermediate scale. Moreover there are ex- 



plicit examples 84 - 87 in which such a change of regime indeed takes place and 



is consistent with unification. 

Given our ignorance of the high energy behaviour of the theory and the lack of 
conclusive hints, we stick to a bottom-up point of view, as in 88 . In a minimalistic 



approach, we focus on the simplest possible extensions of the MSSM which meet 
the goal: adding a new f/(l) or SU{2) gauge interaction 79 , or adding a gauge 
singlet with significant coupling to the Higgses 88 . The only constraints come 
from naturalness and EWPT. In other words, we prefer to retain the virtues 
(i), (ii), and (iii) at low energies at the price of (iv), instead of insisting on (iv) 
paying the price of (i). An alternative approach could be to insist only on (i) 
and (ii), giving up both (iii) and (iv), i.e. turning to the possibility of strongly 
coupled theories. In this respect, one could say that the true virtue of low energy 
Supersymmetry is to address (i) and (ii) while retaining (iii). 

This Chapter is organized as follows: in Section 2.2| we consider adding a new 
f/(l) gauge group to the MSSM, in Section 2.3 a new SU{2), and in Section 
|2.4 a gauge singlet. We then conclude in Section 2.5 The main purpose is to 
give a comparative study of the simplest extensions of the MSSM proposed in 
the literature to accommodate for a lightest Higgs boson significantly heavier 
than usual, in the 200 -r- 300 GeV range of masses. We tolerate a finetuning of 
10%, or A = 10 according to the usual criterion 40 . We call A the scale of 
semiperturbativity, at which some expansion parameter becomes equal to 1, and 
M the scale at which the soft breaking terms are generated. We will see that they 
are often required to be both relatively low. This Chapter is mainly based on [2j . 



2.2 Gauge extension U{1) 

This model has been proposed in [79] just as a warm up for the nonabelian case, 
and then quickly discarded. Adopting the point of view outlined in the Introduc- 
tion, we take it seriously as a simple and effective possibility. 

Starting from the MSSM with right handed neutrinos, the extra ingredients 
are a new gauge group U{l)x associated with = Y + two scalars (p and (j)'^ 
with opposite charges ±q, and a singlet s. The charged fields are shown in Table 



The new superpotential term: 
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1 

2 


1 


2 
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1 
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Q 


-Q 
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6 
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1 

2 


1 

2 


1 
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Y + X 


Q 


-Q 


1 

2 


1 

2 


1 

2 


1 
2 





1 

2 


1 

2 






Table 2.1: Charge of the various fields under C/(l) 



together with the soft breaking terms: 

Csoft = -Ml\s\^ - Mf^)|0|2 - Mf^c)|0f - M^xX + 
where x is the new gaugino, produce the scalar potential: 

V = Vmssm + Vh<p + 



+ h.c.), (2.2.1) 



with: 

Vmssm 



./2 



2 



i^dr+9i0i' 



1 



\Hu\ 



\Hd? + 



(<A)l 



r + M(V)|0f , 



We wrote only the Higgs and fields in the D terms. The parameters /i| and 
B have been made real and positive through field phase redefinition. The full 
interaction Lagrangian of the new sector, apart from the D terms, is: 



As I 



+ scj)"" + Xcp" s(j) + h.c. 



-X'^\s (p^l"^ + Xw\(l)4)^ + h.c.) - V2g^q 



' A2|0(/)"P - A^|s0p (2.2.2) 



The B term in the potential has in general a soft component B = Xw^ 
The field s will be generically assumed to be heavy for our considerations. 

It is easy to see that the conditions for stabihty and unbroken Electromag- 
net ism and CP at tree level in the Higgs sector are basically the same as in the 
MSSM: 

< /^^ + /^d 

A2 >0. 
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We can then write the configuration of the fields at the minimum as: 

^""^ (yv ^ ' ^'^ " ( 0^ ) ' ^ = ' 4>'' = U2 
with Vi,Ui > 0, and the scalar potential reduces to: 

V = filvl + filvl-2filvuVd + l{9^ + 9'Wu-vj]' (2.2.3) 

+ I9IK - vl - 2qul + 2qul]' 
+\'^ulul - 2BuiU2 + Mf^^ul + Mf^c^ul . 

Notice that the mass of the new gauge boson Z' of U{l)x is: 



Ml = 2gl[q\ul + ul) + 'i^'''' 



which has to be significantly heavier than that of the weak gauge bosons. Thus 
we assume: 

2 2 2 2 

Wl.«2 > ^u^^d ■ 

Furthermore let us assume that the mass splitting of (pc is small: 

Mf^) = M| + ^ , M(2^.) = M|-^ , AMI <^ Ml. 

Then we can look for an approximate solution of the form: 

< (f> >= ui = u + a , < (j)'^ >= U2 = u — a , a u . 
Solving perturbatively one obtains, at lowest order: 

= = — must be: B > M|) (2.2.4) 

1 -qgl{vl-v',)-2AMl 



" 9x+ B-M^^ 



Substituting in (2.2.3) and minimizing in Vu and Vd one finds exactly the same 
equations as in the MSSM, but for the replacements: 

AM? AM2 

„2„,2 i- 1 

2 > 2 I i/x^ 2 > 2 2g 2 > 2 , 2g /n n r\ 

m^^m^ + — ^(2.2.5) 
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with M|, ?a Aq^g'^u^. Notice that the first one coincides with equations (2.4) and 



(2.5) of 79 . Making the substitutions (2.2.5) in the usual results we find the same 
expression for tan/3, while the equation relating to the vevs gets modified: 

tan/3 = ^^{^^il + A-^J{^il + ^ilY-^^i^^ (2.2.6) 



ml + 



/,2 _ 1,2 J 

r'd r'u ~ 1+2M 



2(1 + iS) 



sin' 2 (3 



(2.2.7) 



. . i9 9 ^M'jjq 

in the limit of large tan/3, assuming as usual fi^> fi^ — y+2m^7m2"' 



2 22 
- /i„ = -m „ - /i 



+ 



9y 



AMl/q 



one finds: 



2 ■ 4(1 + M|,/2M|) 2(1 + 2M|/M|,) ' 
The usual bound on the Higgs boson mass at tree level becomes: 



ml < 



ml + 



9y 



\ 



2(1 + & 



cos^ 2/3 



(2.2.8) 



(2.2.9) 



We will call rn^"^ the expression in brackets, which corresponds to mh at tree 
level for large tan/3. Notice that the D term decouples for small A, because this 



means large Mz'- From (2.2.9) we immediatly see why the D term may not 



decouple. The extra contribution is small in the limit of large Z' mass, which is 
what required by EWPT. Nevertheless it remains relevant if the soft mass is 
large too. Thus a price to pay is that we need different soft mass scales in the 
theory, since has to be around 10 TeV, as we shall see. 

After the symmetry breaking, in the 0, 0'^ sector we have the massless Gold- 
stone boson plus three real scalars with masses: 



V2Vb , V2JB-MI 



so that there is no problem of new light particles. The s scalar keeps its soft mass 



Ms of (2.2.1). On the other hand from (2.2.1) and (2.2.2) we see that the fermion 



mass matrix has eigenvalues: 



V2 



Ml + 16^2^2^^ 



Thus A cannot be too small otherwise there are light fermions in the spectrum. 
The soft parameter instead can be small, since this will not correspond to 
light particles. 
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2.2.1 Naturalness bounds 



Since the largest possible Higgs boson mass is realized for M|, <C M|, we have to 
worry about finetunig at tree level in the potential V^. Naturalness of the scale u 
means that it must be: 



A, 



d log 



a log Mi 



Ml 



B-Mi 



< 10 



so that: 



Ml 
2Ml 



'^q'gl 1 - 1 



A2 A, 



> 



5A' 



2 2 

(1 9x 



(2.2.10) 



On the other hand from (2.2.7) we obtain, in the limit of large tan/3: 



AA/2 

<p 



2q{l+2Ml/Ml,) 



+ 



(2.2.11) 



4 ' 4(1+Af2,/2M2) 

This means that AM? introduces a finetuning in v"^ at tree level: 



A, 



d log f ^ 




AMI 1 1 


d\og AMI 




9'+9'' 1 9j 2g(l + 2M2/M2) 

4 1 4{1+M2,/2M2) 



which however is not a stringent bound. In fact if we tolerate A„ = 10 then we 
can have AM^ up to about (1 TeV)^ in the interesting region of the parameter 
space, that is when nih is maximized. It is easy to see that, assuming AM| = 
at the scale M, the running typically generates much smaller splittings. More 
precisely one finds, up to two loops, neglecting the Yukawa couplings and gaugino 
soft masses: 



dAMl _ Aglq 
dlogfi IGtt^ 



gAMj+ Yl 

j&MSSM 



(167r 



2'\2 



AMi 



(2.2.12) 



+ 



I6giq_ 
:i67r2)2 



q'AMl+ 

jeMSSM 



S 2 



Here and in the following we make use of the results of 89 . We immediatly see 
that if there is complete degeneracy at the scale M, ie M(^) = M((^c) and equal 
soft masses for the 1** and 2"^^ generation sfermions (the only ones which can be 
large enough to be relevant), then the running of AM| starts beyond the two loop 
level. Thus, with this degeneracy assumption, we can safely neglect AM| in all 
our considerations. 
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Let US consider the implications on the maximum value for m/j, equation 



(2.2.9). The largest allowed Higgs boson mass is realized when we include (2.2.10) 



in (2.2.9), so that we obtain: 



ml < 



ml + 



9^ 



2(1 + 



(2.2.13) 



This means that, to increase rrih as much as possible, we prefer a large A. The 
only problem is then the possibility of a Landau pole, however we see that this 
can be avoided. The running of A is given by: 



/3A(/i) 







2 ^21 



if /i > 10 TeV 
if /i < 10 TeV 



where 10 TeV is an estimate of the scale of the soft masses Mg and M^. We write 
gx instead of gx, with gxi^OO GeV) = gx, anticipating the notation of Section 



2.2.2 Thus a sufficient condition to avoid the Landau pole is: 



A'(200 GeV) = A'(10 TeV) < -q'gjdW TeV). 



(2.2.14) 



Notice that at this level there is no substantial difference in rn™"^ for different 
values of q, the only change coming from the difference in the running of gx from 
200 GeV to 10 TeV which is just a small correction. However in the following 
we will see that the interplay between naturalness and EWPT constraints prefers 

We now turn to the finetuning at loop level from M^, again neglecting the 



contributions from Yukawa couplings and gaugino soft masses. From (2.2.11) we 



see that, if we allow an amount of finetuning A, then the radiative corrections to 



m 



have to satisfy: 



< 



rrir. 



+ 



9l 



2 4(1 + M|,/2M2 



X A 



X A 



(2.2.15) 



instead of the usual A x 
finds: 



as can be seen from (2.2.8) 

Agiq^ 



dmir 



dt 



(167r 



2^2 



Mi 



Neglecting AM? one 



Taking into account the running of gx only, the result is shown in Figure 2.1 (left), 
for g = ^ and (y'x(200 GeV) = 1.3, which corresponds to = 2mz for large tan/3 



after saturating (2.2.10) and (2.2.14). The lines represent the correction 6mjj due 
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20 100 10 100 



M (TeV) M (TeV) 



Figure 2.1: Finetuning A (2.2.15), as a function of the scale M and the soft mass 
parameter (M^ on the left for q = ^, on the right), for 3^,(200 GeV) = 1.3 ie 



2mz-, saturating (2.2.10). The thick line stands for A = 10. 



to in terms of A, as defined in (2.2.15). The kinetic mixing effects discussed 



in Section 2.2.2 are neglected at this stage, since they are just a small correction. 
On the other hand from the loop involving the gaugino x we have: 



dlogfi 



(2.2.16) 



where is the soft mass term in (2.2.1). In Figure 2.1 (right) we report the 
analogous bound on M^. As already said, however, a small does not mean 
that there is a light particle. 



2.2.2 Running of gauge couplings and kinetic mixing 

In general in the presence of two U{1) gauge groups, the Lagrangian contains a 
mixing: 

'-gauge — ^-f fii/J- ^-f ^luJ- 2 ^'^ 

whose Feynman rule is (with momenta k'^ and k'^ in the external legs): 

-tM = iaik^k"" - A; V) • 

On the other hand, if not already present, this term will be generated by radiative 
corrections. In fact the one loop polarization amplitude connecting the two gauge 
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bosons involving a chiral superfield with charges qa and qb is given by: 



mass 



which means (for small a) 



-77 = j^^AQaQb] + o{a) 

at iOTT^ 



(2.2.17) 



Let us see which are the phenomenological consequences. The kinetic term can 
be diagonalized with the redefinition: 



(a) 



so that the new charges are, respectively: 

gbQb gtQb + agaQa ■ 

This means that, instead of speaking about kinetic mixing, we can just use three 
gauge couplings and automatically diagonal kinetic terms. In our case we have 
Qa = Y and Qb = Y + X (see Table 2.1), so that diagonalizing away the kinetic 
mixing amounts to transform: 

g'Y g'Y 

g^Y + X) ^ ig, + ag')Y + g,X. 

Thus in general we can redefine the model by saying that the coupling of the new 
vector, in the basis with diagonal kinetic terms, is gyY + gxX. Then we can 
impose gx = gv = gx at low energies, and everything is fixed. This is enough for 
our purposes. The RGE can be taken from 90 , and are: 

Mrg' 

{bxxgx + '^byxg^gy + bYYgxgy) 
{bYYgYigy + V^) + "^byxgxigy + g'"^) + bxxgxgv) 



dg' 


1 


dt 


IGvr^ 


dgx _ 


1 


dt 


167r2 


dgy _ 


1 


dt 


IGvr^ 



where ^q^q^ = TilQaQb]- Notice that these equations are consistent with (2.2.17), 
since for small a: 



djgy - gx] 
dt 



g 



9x=gY 
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as it should be (since byx+Y = byy + byx)- 

In general, for our purposes, the charge of the new vector can be: 

Q = Y + ^^^ + X^ 

with arbitrary 7. Since we want the new gauge coupling to grow with energy as 
less as possible, we should choose the value of 7 which minimizes: 

6QQ = 2g2 + 7 + 4(7 -1)2 

and we see that our choice 7 = 1 (or equivalently Q = + X^) was the optimal 
one. 

The values of the coefficients for our model are: 

, _ / 2g2 + 4 if /i> 10 TeV , , _ , 

bxx-y^ /i<10TeV ,fcry-ll,6yx--4, 

while the MSSM particles can be effectively decoupled below 200 GeV. An example 



of the running is shown in Figure 2.2 (left) if the scale A at which the model 



becomes semiperturbative {gy{K) = \/47r) is taken to be 100 TeV. Notice that 



gy increases faster than gx because of the kinetic mixing. In Figure 2.2 (right) 
the value of 5^^(200 GeV) = gx{^200 GeV) = g^ is reported versus the scale A of 
semiperturbativity. 

Notice finally that the kinetic mixing is not a source of any particular problem 
or complication, as feared in previous analyses. 



2.2.3 Experimental bounds 

Let us see which are the experimental constraints on this model. The main sig- 
nature would be that of a Z' boson, which can be extracted from 
the more recent 



95 



91 - 95 . In 



an updated analysis is performed of the present indirect 
bounds coming from EWPT including LEP2, Tevatron direct searches, and other 
experiments. Our case corresponds to their Figure 2 with: 



9y 



gx 



12 



gx 



gx 



Wg' + g 



/2 



For example to get m^"^ ^ 2m z we need g^ = 1.27, which implies A < 100 TeV 



as can be seen from Figure 2.2 (right). This means: 



gy 



1.72 



gx 



-0.86. 
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0.0 ' ' 0.0 

0.0 0.5 1.0 1.5 2.0 2 4 6 8 10 12 

logjop (TeV) logjoA (TeV) 

Figure 2.2: Left: Running of g' (solid), gx (dotdashed) and gy (dashed) for q = ^ 
with griWO TeV) = and 5y(200 GeV) = 5x(200 GeV). Right: value of gx = gy 
at 200 GeV versus the scale A of semiperturbativity (ay (A) = 1), for q = ^. 



which corresponds to Mz' > 4-=-5 TeV at 95 % cl. This general analysis is actually 
performed with = 120 GeV, however this does not significantly change the final 
result. In conclusion the model is defendable provided that M^/ > 5 TeV[5 

Consider now the ratio between and M^/. Using (2.2.14) in (2.2.10), we 
find: 

3 c/x(200 GeV) 



10 ^7x(10TeV) 

With ruh = "imz we can tolerate Mz' = 0.40 M^. Thus we need at least > 
10 ^ 12 TeV in order to be in agreement with data. This is not in contrast 
with naturalness only if M < 30 ^ 35 TeV, as we see from Figure 2.1| (left). An 



important comment is in order: this is the only point which strongly requires 
g = I instead of g = 1. The reason is that with q = 1 the mentioned naturalness 
bound on becomes much more stringent, so that it is difficult to satisfy it 
while allowing a sufficiently heavy Z' boson. In fact to allow > 10 TeV we 
would need M < 15 TeV, which starts being uncomfortably small. For this reason 
we stick to g = ^. 



^We thank A. Strumia for help on checking this point. 
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Conclusions - U{1) 

With a scale of semiperturbativity A < 100 TeV and an input scale M < 35 
TeV we can have a supersymmetric extension of the Standard Model in which nih 
can be as large as 2mz at tree level with no more than 10 % finetuning. This is 
possible if we allow a large U{l)x gauge coupling. The constraints come from: i) 



naturalness, i.e. Figure 2.1; ii) EWPT, which require Mz' ^ 5 TeV. Limitations 
do not come from AM| -C M| or from the kinetic mixing of Y and X, as argued 
in previous analyses. 



2.3 Gauge extension SU(2) 

The next-to-minimal version of the model outlined in Section 12.21 consists in the 



m a non- 



addition of a new SU{2) gauge group. This model is studied in 79 
universal version in which the gauge interactions of the third generation are dif- 
ferent from those of the first and the second ones. The reason is that in that case 
the new gauge sector is asymptotically free. However in our bottom-up approach 
this is just an unnecessary complication, since we are open to changes of regime 
at intermediate scales. In other words, the point of view we are adopting is to 
constrain these models through the interplay between naturalness and EWPT, 
and not by the reqirement of unification or perturbativity up to Mqut- In any 
case, we will see that the former constraints are stronger: M is typically required 
to be much smaller than A because the running is not so violent, so that our 
conclusions would basically not change in a non-universal model. 



We follow the same line of reasoning of Section 2.2 To the MSSM we add an 
extra SU{2)n gauge group in addition to the SU{2)i x U{1)y- All the SM fields 
are charged only under SU{2)i. We also add a (2, 2) called S and a singlet s. The 
transformation law is: 



a b 
c d 



The superpotential is: 



with soft terms: 



W = Xs{ad-hc- w"^ 



Csoft = -M^\s\'-MU\a\' + \b\' + \c\' + \d\') (2.3.1) 
-MiXiXi - Mjjfjjfjj + Bs{ad -bc + h.c.) . 

It can be seen that all the new fermions take a mass which is controlled by the 
new breaking scale u. The scalar potential that we have to study isV = Vhy; + Vt: 
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with: 



Vhs = fil\H^\' + iilW + fil{H^H, + h.c.) 



+ ]^g] (Tr [S+r"S] + H^T'^H^ + HjT'^Hd + ..)' 

a 

X^\ad - 6cp - B{ad -bc + h.c.) + M|(|ap + |6p + |cp + \d\'^) 



where we wrote only the Higgs and S fields in the D terms. Again, the parameters 
/ig and B have been made real and positive through field phase redefinition, and 
B = + Bg . The conditions for stability, CP unbreaking and EM unbreaking 
are the same as before. We write the configuration of the fields at the minimum 
as in the U{1) case, with (S) = dia.g{ua,Ud). The potential reduces to: 



-tr 2 2,2 2 r) 2 , /2 r 2 2i2 , 2r 2 2 2 , 2i 



(2.3.2) 



We are interested in the case: 



2 2 2 2 

> Va 



so we look for an approximate solution of the form: 



< a >= u„ 



u + a 



< d >= Ud = u — a 



Solving perturbatively one obtains, at lowest order: 
B-Ml B, + Xw^-Ml . 



u 



a 



A2 



A2 



must be: B > M|) 



1 ^2/„,2 



l9l[V 



^ 2{g] + gh) + 



4Mg ,2 



(2.3.3) 



Substituting in (2.3.2) we see that the change with respect to the MSSM equations 
is: 



/2 , 2 

9 +9 



2 , 2M| 



9" + 9] '''^ - 



2,2, 2Af2 

91 + 9h + ^ 



(2.3.4) 



Putting (2.3.4) in the usual results we find that tan/3 remains the same, ie (2.2.6) 
holds, while the equation relating to the vevs gets modified, in full analogy 
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with (|2T7l): 



„2 , 2M| 



9'i + 9h+'-^J Vl - sin^ 2/3 



fil-fil (2.3.5) 



In order to use this result we have to connect the gauge couphngs with the Z 
mass, ie to see what corresponds to g. For the moment we work at zeroth order 
in a/u, ie at zeroth order in v'^ /v?. The covariant derivative of S is: 

D^T. = d,T. - i9iV^1T'^T. + igiiV^'.T.T!^ . 

At lowest order (E) = diag(M,M), so that we have a mass term: 



r(o) 



-Tr 



.u 



-i-a\giV,^-gnV^^)^] x h.c. 



This means that the heavy vectors X" and light vectors W": are, at lowest order 

2/2 

m V /u . 



•^n _ giVi -9iiV2 

y^fi ^ gilVi+9lV2 



and the mass of the heavy vectors is: 



2 9] + 9n 2 , 

= U + 0{ 



2 u 

On the other hand from the Higgs vevs we have, without the hypercharge: 



(2.3.6) 



Tr 
Tr 



-^^9i^^V,\) X h.c. 
.V 9i9ii 



9ii 



X h.c. 



This is equivalent to saying that the g gauge coupling of the MSSM is: 

9i9ii 



9 



V9l + 9h 



(2.3.7) 



An important point is that all the MSSM fields have an additional coupling 
to three nearly degenerate heavy vectors X^, with SU{2)L-\ike coupling with 
strength: 

9x = 9—- (2.3.8) 

9ii 
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The usual bound on the Higgs boson mass at tree level can be read from (2.3.5 ) 



and (2.3.7): 



1 + ^ 



2M| 



(2.3.9) 



which coincides with equation (3.3) of 79 . Notice that this contribution increases 



with large gj. However gj gjj also implies that the all the SU{2)i doublets of 



the MSSM have a large coupling gx with the heavy vectors (2.3.8), in potential 
conflict with the EWPT as we discuss below. 



The fact that a in (2.3.3) is nonzero means that the complex SU{2)diag triplet, 
which is contained in S, takes a small nonzero vev. Thus we expect at tree level 
a correction to the p parameter proportional to a^. The precise computation can 
be done by keeping a in and then diagonalizing the full mass matrix. The 

result at the lowest relevant order is that mz is unchanged while: 

2 fi'^'^^ I o 2 2 

= \-2g a 



which means: 

p = 1 + 4- 2 

V 

One can define the triplet mass Mt = M| + ^{g] + g'jj)u^, in terms of which: 



a 



Ap 



-I 4 2 2 

1 gj u m 
16^ "W^ 



W _„2 



cos' (2^) 



(2.3.10) 



This correction however is very small, as discussed in Section 2.3.2 



2.3.1 Naturalness bounds 



In analogy with (2.2.10) we now impose: 

d log 



A, 



d log Mi 



Ml 



B-Ml 



< 10 



so that: 



M' „ 
< lOA' 



On the other hand from (2.3.5) we obtain, in the limit of large tan/3: 

..2 4/i2 



+ r]g'' 



(2.3.11) 



(2.3.12) 
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with 1] from (2.3.9 ). This means that, if we allow a finetuning A, then the radiative 
corrections to the soft term have to satisfy: 



nu — A 



[m 



max\2 



X A 



(2.3.13) 



in full analogy with (2.2.15). 

As in the U (1) case, we want to avoid a Landau pole for the Yukawa coupling 
A, whose evolution is: 



dX 
'dt 



if /i < 10 TeV 





li^ [A' - g] - 9h] if /i > 10 TeV 



where 10 TeV is an estimate of Ms and Ms. We will thus impose: 

A(200 GeV) = A(10 TeV) < + g^lioTeV ~ 9^ + ghhooGeV- 

We now turn to the radiative corrections to the soft parameter m/f„ due to 
the other soft terms. At one loop level the only relevant contribution comes from 
the SU{2)j gauginos: 



drn^T 
dlogfi 



167r2 



(2.3.14) 



where Mj is the soft mass term in (2.3.1). Notice again that a low Mj does not 
imply a low physical gaugino mass, so that this bound is totally irrelevant for our 
purposes. The leading contributions coming from start at two loop order. 
To compute it, since S has no hypercharge, it is sufficient to make the following 
substitutions in the MSSM formulae: 

g2^gi , Tr[3mJ + mi] ->Tr[3m^ + mi + 2M|]. 

The result is shown in Figure [273 with the same convention as Figure 2J^ The 
running of the gauge couplings has been taken into account at one loop level: 



dgi 



dlog fi 
dgii 
dlogfi 



gj if 200 GeV < /i < 10 TeV 
jt,2g] l^^^> 10 TeV 

1 R ^3 



(2.3.15) 



167r2 
' 167r2 



6 gji if 200 GeV < < 10 TeV 
5 g]i if /i > 10 TeV 



where 10 TeV is an estimate of the soft mass of the bidoublet M^. Thus pertur- 
bativity is not a stringent problem in this model, since the running is much less 
violent than in the U{1) case. 
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Figure 2.3: Finetuning A (2.3.13), as a function of the scale M and the soft mass 
parameter M-£. Left for m^"^' = 2m z, right for m™"^ 
for A = 10. 



2.5mz- The thick Hne stands 



2.3.2 Experimental bounds 

The main new feature is now that all the MSSM particles charged under SU{2)l 



have also a coupling gx (2.3.8) to three additional heavy vectors X" with mass 



nix (2.3.6). With respect to the case of a single Z', this W case involves in 



general much more parameters 96 . Assuming SM-like couplings, Tevatron direct 
searches exclude a mass below 720 -r- 780 GeV 97 , 98 , see also 99 . The LHC is 



expected to be able to discover heavy charged bosons up to mass of 5.9 TeV 100 



The complementary search for W at e~^e colliders is studied in 101 - 103 . On 



the other hand, indirect searches extracted from leptonic and semileptonic decays 
and from cosmological and astrophysical data give a very wide range of upper 
limits on mw', depending on the various assumptions and varying from 500 GeV 



to 20 TeV 104 



We will impose the relatively safe bound: 



mx 



> 



9x 



5 TeV ~ gz 



(2.3.16) 



Since we stick to X"^ = g] + g]j at low energy, for finetunig considerations from 



(2.3.11 ) we deduce: 



mx > 



20 



Me ^ 0.22Ms . 



(2.3.17) 



We are actually interested in the case in which the equality holds, in order to 
maximize m™'^^. For example, if m™'*^ = 2mz (2.5m^) [3m^] then (2.3.16) gives 
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mx > 8.5 (11) [14] TeV, so that ( |2.3.17[ ) implies Me > 40 (50) [60] TeV; from 
bounds like those in Figure 2^ we see that naturalness then implies M < 100 
(~ 50) [~ 60] TeV. Notice that the coupling gx remains below \/47r also for very 
large m/^. However beyond rrih = 200 GeV the naturalness bound actually implies 
Me ~ M, which means no running at all. In other words, the only possibility 
in order to be compatible with naturalness becomes to have the new soft scale 
Ms very close to the scale M, so that the logarithms in the radiative corrections 
due to Ms are suppressed. This starts being quite odd, and moreover the main 
contribution would come from threshold effects which are model dependent. Of 



§M| so that (2.3.10 



course, the situation can be better if we accept a bound less stringent than (2.3.16 ) 
Notice also that, satur ating ( 2.3.11) and using = g] + gjj at low energy, we 
find M| 



becomes, for large tan (3: 



Ap 



9\ 



m 



w 



16 g'{gj + gh) M| 



20 Y 

2i; 



1 

10 



gl 



m 



w 



176 gjj Ml 



A positive contribution to the p parameter in principle would be welcome, since 
for TTLh ^ 200 GeV we start being outside of the 2o" line in the S — T plane of the 
EWPT fit 16 . It is in fact true in general that a positive extra contribution to 
T is helpful in case of a large Higgs boson mass 105 . Unfortunately, with Ms of 
the order of 40 TeV, we get Ap ~ 10"'' which is totally negligible. Thus the case 
nih > 2.5mz is outside of the 95 % c.l. region in the S — T plane, and one should 
look for some extra contributions to T in order to defend this possibility. 



Conclusions - SU{2) 

With an input scale M ~ 100 (50) TeV we can have a supersymmetric extension 
of the Standard Model in which rrih can be as large as 2mz {2.5mz) at tree 
level with 10 % finetuning at most. The theory is perturbative up to A ^ 10^ 
(10^) TeV. Beyond rrih = 200 GeV the interplay between naturalness and EWPT 
starts disfavouring the model, requiring Ms ~ M. The constraints come from: i) 
naturalness, ie Figure 2.3; ii) EWPT, ie (2.3.16). The contribution of the small 



triplet vev to the p parameter at tree level is totally negligible. The case rrih > 200 
GeV needs a positive contribution to the T parameter. The non universal model 
does not significantly change the situation. 



2.4 ASUSY 



This last model, which is the NMSSM 
studied in 



73 



75 with large coupling, is extensively 
88 and 106 to which we refer for details. In brief, one adds to the 
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MSSM a gauge singlet s with superpotential: 

W = XsH^Hd 

and a soft mass m^. Minimizing the scalar potential one finds, for the mass of the 
lightest Higgs boson at tree level: 



< m| cos^ 2/3 + A\^ sin^ 2/3 . 



(2.4.1) 



It has been shown 88 that the model can be compatible with the EWPT, with 
a preference for relatively low tan {3. Thus we basically have m^'^^ ^ Xv. 

Since we want to increase rrih significantly, the coupling A has to be of order 
unity at the low scale so that it will typically increase at higher energies. The 
relevant RGEs are (see also 107- 109 for more complete analyses): 



dX 


X 


~dt 


167r2 


dyt _ 


yt 


dt 


167r2 



2 Q 2 2 
2 ^3 ^2 15^^ 



For example if rrC^"'^ = 2mz {m^""^ = 3mz) then the semiperturbativity scale 



A (A) = y/AiT comes out to be A ~ 10^ TeV (A ~ 100 TeV). The only extra natu- 
ralness constraint is on the soft mass m^. Computing the logarithmic derivative 
of with respect to one finds (see Section 5.2 of 88 ), in the limit in which 
tan /3 = 1, a constraint which is totally analogous to (2.2.15) and (2.3.13): 



Smlr < 



(m 



max\2 
h 



X A, 



(2.4.2) 



The bound on nis which comes from: 



dm%r 



X' 



d\ogfi Sn'^ 



is shown in Figure 2^, with the same convention as in the other cases. Notice 
that now we do not have extra experimental constraints which are directly related 
to the new soft mass, as in the case of the gauge models. 

In conclusion, at the price of allowing a large Yukawa coupling A one can 
significantly increase the masses of the scalar sector of the MSSM consistently 
with naturalness and EWPT. For example, with semiperturbativity at 10 TeV 
the lightest Higgs boson can be as heavy as 350 GeV. The consequences on the 



LHC phenomenology are considered in 106 . 
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Figure 2.4: Finetuning A (2.4.2), as a function of the scale M and the soft mass 
parameter mg. Left for m™"^ = 2m z, right for m^'^^ = 3m z- The thick Hne stands for 
A = 10. 

2.5 Concluding remarks 

We made a comparative study of the three simplest extensions of the MSSM in 
which the hghtest Higgs boson mass can be significantly raised at tree level: a f/(l) 
gauge extension, a SU (2) gauge extension, and ASUSY. From a bottom-up point of 
view, we discussed the interplay between naturalness and experimental constraints 
and we showed that the goal can be achieved. The maximum possible rrih that one 



can obtain is shown in Figure 2.5 as a function of the scale of semiperturbativity. 
In the SU (2) case it seems difficult to be consistent with both the EWPT and 
naturalness if rrih is beyond 200 GeV. 

The prices that one may have to pay are the following: 1) low semiperturba- 
tivity scale A; 2) low scale M at which the soft terms are generated; 3) presence 
of different scales of soft masse^ 4) need for extra positive contributions to T. 
With low scale we mean < 100 TeV. With (3) we mean that, besides the usual 
soft masses of order of hundreds of GeV, one may need some new soft masses of 



order 10 TeV. The "performance" of the three models is summarized in Table |2.2 
A unified viewpoint on the Higgs mass and the flavor problems for this kind of 
models is the content of the next Chapter. 



■^Anticipating the discussion of the subsequent Chapters, in principle this feature could be 
even welcome since we are going to consider a spectrum of hierarchical type. However we will 
see in the next Chapter that the prefered model in our context is definitely ASUSY, which does 
not need the new soft term to be large. 
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logio(A/TeV) 

Figure 2.5: Tree level bound on irih as a function of the scale A at which gj or A or gx 
equals to \/47r; in the SU{2) model (dashed), in ASUSY (solid), and in the U{1) model 
(dotdashed). For ASUSY one needs a low tan/3, for the gauge extensions one needs a 
large tan /3 and 10% finetuning at tree level in the scalar potential which determines the 
new breaking scale. In the SU{2) case one should not go much beyond nih ~ 200 GeV, 
as discussed in Section 12.3.21 







Price to pay 


f/(l) 


2 


(1),(2),(3) 


SU{2) 


2 


(2),(3) 


SU{2) 


2.5 


(1),(2),(3),(4) 


ASUSY 


2 




ASUSY 


3 


(1) 



Table 2.2: Summary, see text. 
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A Non Standard 
Supersymmetric Spectrum 



3.1 Motivations 

As already stressed, the Higgs mas f]in the MSSM poses a naturalness problem. Is 
the Flavour problem a naturalness problem as well? Given the little we understand 
about flavour, this is not the easiest question to answer. Let us take the view. 



however, as put forward by many authors in the nineties 110 - 116 , that the 
SUSY Flavour problem may have something to do with a hierarchical structure 
of sfermion masses: the first two generations significantly heavier than the third 
one. How much heavier can now become a naturalness problem, depending on the 



bounds that the sfermion masses have to satisfy 40 , 41 . Here we argue about the 
possibility that the two issues, "the Higgs problem" and "the Flavour problem", 
be related naturalness problems, that may be addressed at the same time by 
properly extending the MSSM. 

Let us insist on the SUSY Flavour problem in connection with a hierarchical 
sfermion spectrum. As well known, without degeneracy nor alignment between 
the first two generations of squarks, wig^j? the consistency with the AS* = 2 
transitions, both real and especially imaginary, would require values of ^ far 
too big to be natural. Relatively mild assumptions on all the sfermion masses 
of the first two generations, on the other hand, as recalled later, allow to satisfy 
the various fiavour constraints by smaller values of frtf^^ that may be considered 
if they are natural or not, hence the potential connection with the Higgs mass 



^NOTE ADDED: During the time between the approval and the defense of this Thesis, a 
SM-hke Higgs boson with mass between 141 GeV and 476 GeV has been excluded at 95% c.l. by 
the LHC collaborations 1 1 . The considerations of this Chapter are thus now excluded unless the 
couplings or/and Branching Ratios of the lightest Higgs boson differ significantly with respect 
to the SM ones. 
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Figure 3.1: A representative Non Standard Supersymmetric Spectrum with m/j 
200 ^ 300 GeV and m^-^ ^ > 20 TeV. Figure taken from l3l. 



problem. In formulae, the two naturalness constraints (1/A is the amount of fine 
tuning as defined in the usual way |40j, is the average stop mass): 

^< < A (3.1.1) 



ml 



(9m? 



m? dm'\ 



< A (3.1.2) 



must be considered together and the corresponding bounds might be reduced to 
an acceptable level by pushing up the theoretical value of rrih, on which the level 
of fine tuning depends at least quadratically[5 Ways to push up ruh even by a 



significant amount, between 200 and 300 GeV, have already been put forward 78 



- 88 , and some simple possibilities have been discussed in the previous Chapter. 
Whether and how the Flavour problem can also be attacked in this manner is a 
model dependent question that we are going to analyze in various cases proposed 
in the literature. In summary, and as an anticipation, we seek for models where 



a typical spectrum like the one shown in Fig. |3.1| can be naturally implemented. 
This Chapter is mainly based on |3l. 



^Note that replacing the physical Higgs mass nih with the Z mass or with any of the soft 
mass parameters for the Higgs doublets does not change the naturalness constraints on or 
on m^^ ^ , at least as long as the other physical Higgs bosons are not too close in mass to the 
lightest one, h, as we consider in the following for good phenomenological reasons. On this, see 
e.g. [88). 
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3.2 Hierarchical sfermion masses 

and flavour physics: a summary 

A way to summarize the potential connection between the SUSY Flavour problem 
and hierarchical sfermion masses is the foUowinE^ 



Without degeneracy nor alignment the bounds that the first two generations 
of squark masses would have to satisfy to be compatible with the flavour 
constraints, mostly from AS = 2 transitions, are in the hundreds of TeV, 
with weak dependence on the much lighter gaugino masses. On the other 
hand, if we assume degeneracy and alignment of order of the Cabibbo angle, 
i.e. in terms of the standard notation: 

^12 ^ r^'f^'^^L ^ A ^ 0.22, (3.2.1) 

and b^^ ~ » 6^^, then the bounds are significantly reduced to: 

Real AS = 2^ rrig^^ > 18 TeV , (3.2.2) 

Im AS = 2, sin 0cp ~ 0.3 ^ rug^ ^ > 120 TeV . (3.2.3) 

Furthermore if S^^ » S^^,S^^ (or S^^ » S^^,5^^), these bounds are 
replaced in the strongest cases by: 

AC = 2^ rug^^^ > 3 TeV (3.2.4) 

ImAS = 2, siiKpcp ^0.3^ mg^ ^>12TeV (3.2.5) 
from CP conserving or CP violating effects respectively. 

The exchange of the third generation of sfermions may also produce too big 
flavour effects unless the off-diagonal 6is,i = 1,2 are small enough. If for 
example we assume a correlation between the off-diagonal elements and the 
ratio of the diagonal masses of the type: 

2 

771 ~ 

- , (3.2.6) 

a dominant constraint comes from B — B mixing: 

AB = 2^™,„>6reng^)V^ (3.2.7) 
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Figure 3.2: Upper bounds for different A = 1, . . . , 100 on the masses of the first and 
second generation scalars as function of the scale M at which they are generated. Left: 
no special condition at M. Right: degenerate masses at M, at least within SU (5) 
multiplets. 



Similar or weaker constraints are obtained from the Electric Dipole Moments. 

As said, too little is known about flavour to be able to draw any flrm conclusion. 
Yet the pattern of charged fermion masses makes it conceivable that approximate 
flavour symmetries be operative to justify some of the assumptions made above 
and therefore the corresponding bounds. In turn, at least as an orientation, it is 
useful to compare them with the naturalness constraints that limit the sfermion 
masses from above 



41, 117 . In the MSSM case, this is shown in Fig.s 3.2 



as 



function of the scale M at which the soft masses are generated. In the flgure on 
the left the bound is on the heaviest among the sfermion masses of the flrst two 
generations, when the source of the renormalization of m/j, relevant to (3.1.2), is 
a one-loop induced hypercharge Fayet-Iliopouolos term: 



™2 



Tr{Ym ) = Tr{m 



2ml 



ml + 



(3.2.8) 



without particular initial conditions on the individual terms. When the Fayet- 
Iliopouplos term vanishes, then the dominant effect on m^ comes from two loops. 
In the flgure on the right side we show the bound on the (approximately degener- 
ate) sfermion masses of the flrst two generations assuming them to be degenerate, 
at least within SU (5) multiplets, at the scale M where the renormalization group 

■^For a recent analysis see [117| . Notice however that in that paper one always considers 
5ll » or viceversa. 
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flow starts. 

All this shows that in the MSSM, without giving up naturalness, the Flavour 
problem can perhaps be addressed by a hierarchical structure of the sfermion 
masses only if rather specific assumptions about their flavour structure are made, 
definitely stronger than the ones described above. While this is not excluded, 
we find it useful the reconsider the same problem in a broader context than the 
MSSM. 



3.3 SUSY without a light Higgs boson 
3.3.1 Cases of interest 

Extensions of the MSSM have been studied that allow a significant increase of 
the mass of the lightest Higgs scalar, say above 200 GeV. This goes from the 
consideration of the MSSM as an effective Lagrangian with the inclusion of su- 



persymmetric non-renormalizable operators 69 118 119 to the design of specific 
models, valid up to a large scale, that try to keep the success of perturbative gauge 
coupling unfication. Here we take an intermediate view. On one side we want to 
keep manifest consistency with the EWPT, which we do by requiring a minimum 
value of the scale A at which perturbativity holds at least up to 5 -i- 10 TeV. In 
particular this leads us not to consider raising significantly the Higgs boson mass 
by the inclusion of higher dimensional operators. On the other side, in line with 
a typical bottom- up viewpoint, we do not seek for a complete description of the 
physics all the way up to (possible) unification. 

The previous Chapter, based on [2j, is a representative of some of the attempts 
that satisfy these criteria. For convenience we summarize the relevant aspects of 
the analysis: 



Extra U{1) factor. [79] The MSSM is extended to include an extra U{1) 
factor with coupling g^^ and charge ±1/2 of the two standard Higgs doublets. 
The extra gauge factor, under which also the standard matter fields are 
necessarily charged, is broken by the vevs of a pair of extra scalars, (p and 
0c, each in one chiral extra singlet, at a significantly higher scale than v. 
The upper bound on the mass of the lightest Higgs scalar now becomes: 



ml < (m| + -^^^) cos' 2(5 (3.3.1) 
2(1 + 



2Mi ' 



where Mx is the mass of the new gauge boson and is the soft breaking 
mass of the scalars 0, or (pc, taken approximately degenerate. 
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Extra SU{2) factor. |8T||82] In this case the standard Electro Weak gauge 
group is extended to SU{2)i x SU{2)ii x U{1)y with SU{2) couphngs gi 
and gn- For simphcity we take that all the standard matter fields, and so 
the two Higgs doublets, only transform under one of the 5'[/(2)-factors (but 
will comment later on on this property). The two SU{2) are broken down, 
at a scale about two orders of magnitude higher than v, to the diagonal 
SU{2) subgroup by the vev of a chiral multiplet E transforming as (2,2). 
In such the upper bound on the Higgs mass becomes: 



g" + g' 



ml 



< rrir 



cos^ 2/3, 



1 + 



gjMl 
9^ Ml 



^+ Ml 



(3.3.2) 



where this time is the soft breaking mass of the scalar in E and Mx 
the mass of the quasi-degenerate heavy gauge triplet vectors. Note that 



both in (3.3.1) and in (3.3.2) the standard MSSM bound is recovered in the 
supersymmetric limit, M^,My, « Mx, as it should. 

XSUSY. This is the NMSSM case with an extra chiral singlet S coupled in 
the superpotential to the usual Higgs doublets by Af = XSH1H2, where the 
upper bound on the lightest scalar is: 



nil 



< m|(cos^ 2(3 



2X' 



g2 + g,2 



sin^ 2/3) . 



(3.3.3) 



Mixed cases with extra contributions to the Higgs potential both from D-terms 
and from F-terms are also possible, but they are not of interest here since they 
would not change any of our conclusions. The maximum value of mh in the three 
different cases (tan (3 » 1 for the extra-gauge cases and low tan/3 for ASUSY) as 
function of the scale at which some coupling becomes semi-perturbative is reported 



in Figure 2.5 



3.3.2 Naturalness bounds on the first and second genera- 
tion 

Having succeeded in raising the Higgs boson mass, we can now ask what happens 



of the bounds in (3.1.1 , 3.1.2). The bound on the stop masses is certainly relaxed. 



but the value of the stop masses is anyhow no longer relevant to the Higgs mass 
problem, which is solved by the tree level large extra contributions in all cases. 
What about the bounds on the sfermion masses of the first two generations? How 



do they compare with those in Fig. 3.2 for the MSSM? 
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Figure 3.3: As in Fig. 3.2 with degenerate scalars at M. Left: U{1), rrih = 180 GeV. 



Right: SU{2), ruh = 200 GeV. 



Let us consider the case in which the first two generations of sfermions take a 
common value, m, at a scale M, when the dominant effects on the renormaliza- 
tion of ruh come from two loops and the relevant equation in the MSSM case is 
(tan/3 >> 1) 



dml 



48 



5, . 



rflog/i (167r2)2^^ 9 
The corresponding equations in the gauge extensions described above are: 

• Extra U{1) factor 



(3.3.4) 



dml 



(3.3.5) 



Extra SU (2) factor 



d\og fi 



48 ,4,5., 

[91 + g{9 )^)"^' 



(167r2)2 



(3.3.6) 



with a clear correspondence between the different equations. From (3.1.2), by 



integrating these equations from M all the way down to rh itself, one obtains 



the naturalness bounds shown in Fig. 3^ for fixed values of m/j. Note that the 
running of rh is by itself negligible since all gauginos are taken significantly lighter. 
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Figure 3.4: As in Fig. 3.2 for ASUSY, ruh = 250 GeV. Left: no special conditions at 



M. Right: degenerate scalars at M. 



In turn this means that m represents a typical mass of any of the sfermions of the 
first two generations, still essentially not split even at /x = m. 

The comparison of Fig. 3.2| with Fig. |3.3| makes clear what happens. The 
presence in (3.3.5) and (3.3.6) of the contributions from the largish couplings, 



which are the very source of the increased Higgs boson mass, makes the bound 
on 771 actually stronger than in the MSSM case. In the SU{2) case this pattern 
is insensitive to the way in which the couplings of the matter fields are spread 
among the two different SU{2) factors, although this may influence the high energy 
behaviour of the extra gauge couplings themselves. 

The situation is completely different in ASUSY. Here the Higgs sector is af- 
fected by the largish coupling A, but this is essentially not the case for the first 
two generations of sfermions due to their negligibly small Yukawa coupling. As a 
consequence, while the loop dependence of rUh on rh is the same as in the MSSM, 



m/j itself is increased, thus reducing the fine tuning. This is shown in Fig. 3.4 
with or without degenerate initial conditions for the sfermions of the first two 
generations. For low enough values of M, the masses of the first two generations 
of sfermions can go up to 20 -v- 30 TeV in a natural way, a factor of 3 -i- 4 above 



the values in the MSSM. In view of the considerations developed in Sect. 3.2, this 
goes in the direction of solving the SUSY Flavour problem. 
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Logio(M/TeV) m (XeV) 



Figure 3.5: Colour conservation bound on m with Mg = 2 TeV (solid), 1 TeV (dashed), 
500 GeV (dotdashed). The dotted line below M = 100 TeV stands for the estimate 

(see text). Left for m/j 



rh/m/s ^ 25 for m M from 
GeV. 



121 



mz, right for irih = 250 



3.3.3 Constraint from colour conservation 



As pointed out in 120 , there is an additional constraint on the soft masses of the 



sfermions of the first two generations. Since colour and electromagnetism must 
be unbroken, the squared masses of the lighter sfermions of the third generation 
must not become negative. Neglecting the Yukawa couplings and focussing on the 
quark sector the relevant RGEs are, up to two loops, with a degenerate initial 
condition m for the first two generations: 



c/log/i 
dm\ 

dlogfi 



1 32 
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1 32 
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16 
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16 4 

9l + 



m 
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Y^^i + 3^2 + y ^3 



m 



(3.3.7) 



(3.3.8) 



where we also neglected all the gauginos except the gluino. From (3.3.7) and 



(3.3.8) we see that a large rh tends to induce negative stop squared masses at the 



low scale, especially in the case of Q^. 

To find a bound on m from these considerations we proceed as follows. First 
of all we take the value of = ms at M which gives at most 10 % finetuning 
on the Fermi scale and comes from: 



dXogv'^ _ 6(mt/175 GeV)^ 
d log ml 



ml/2 



log 



M 



200 GeV 



< 10 



(3.3.9) 
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which is vahd both for the MSSM with large tan/3 {rrih = mz) and for ASUSY 
with tan /3 ~ 1 {rrih = Xv). Then, starting from this value at the scale M, we 



impose that the running due to (3.3.8) does not drive negative at 200 GeV. 

^3 



The result is shown in Figure 3.5 in the case of the MSSM (left) and in the 
case of ASUSY with Xv= 250 GeV (right), as a function of M, m, and the gluino 
mass at low energy Mg. Notice that, in the case of the MSSM, for M = Mqut 



we obtain basically the same bound as in Figure 2 of 120| (to be compared with 
our Figure 3.6, see also [lO]), with the proper translation of the parameter^ In 
the case m ~ M an important contribution comes from threshold effects, which 

to give a bound rh/rriQ^ < 25. This estimate is shown as 



121 



can be estimated 



a dotted line in Figure 3.5 



The conclusion is that also this constraint is relaxed in the case of interest, 



and is not significantly different from the one in Figure 3.4 The relaxation of the 
bound is due to the fact that we consider a low M scale and moreover, with the 
same 10 % finetuning, we can allow stop masses at M which are larger than usual, 
because of the increased quartic coupling of the Higgs sector. On the contrary, 
the stronger bounds quoted in the literature 120, 121 refer to the case rrih = fnz 
and in most cases to M 
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Figure 3.6: Bound from colour conservation, analogous to Figure 2 of 120 . The 
regions below the curves are excluded with M/TeV= 10^'^ (solid), 10^ (dashed), 10^ 
(dotdashed) . 



^Our colour conservation constraint is actually slightly stronger because we keep only the 
gluino mass, while 1120] keeps all the gauginos with equal mass at Mqut- 
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3.4 Phenomenological consequences 
3.4.1 Gluino pair production and decays 

At least in a first stage of the LHC and taking into account the current Tevatron 
constraints, gluino pair production is the source of the relatively most interest- 
ing signals. Naturalness considerations highlight a most crucial region of mass 
parameters for the gluino, g, the two stops, ti^2 and for the fi parameter. Toler- 
ating a finetuning of 20% (A = 5) at most, as in [88j, one is led to consider the 



quite-non-standard region (see Figure 3.7): 



TUg < 1800 GeV, mi^ < < 800 GeV, /i < 400 GeV. (3.4.1) 

Allowing A = 10 these bounds are relaxed by a factor \/2: for example, even a 
gluino above 2 TeV can be natural in this context, that is a quite unusual feature. 



[GeV] 




1 1.5 2 2.5 3 3.5 4 

tanp 



Figure 3.7: The naturalness bounds on parameters as functions of tan/3, for two cases 
of 'mH± = 700 GeV (solid lines) and 400 GeV (dashed lines). The four lines represent 
jy^max ^ j^max^ 777,rpa3 and from above, for each case of = 700 GeV and 400 

GeV. These bounds hold with A = 5, equivalent to 20% finetuning. Figure taken 
from 88 . 
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A relevant completion of this set of physical parameters is obtained by adding 
the mixing angle 9t 



tL \ ^ / sin6'f cos6'A fti 
tRj \.-cosOt saiOt J U2 



(3.4.2) 



which also determines the mass of the left-handed sbottom, 



^ 2 cos 29, + ^ - ml (3.4.3) 

the usual gaugino masses M1.2 and the mass of the right handed sbottom, b^, in 
the range: 

= - ^, Mi,2 < 600 GeV, m-,^ < 600 GeV. (3.4.4) 

The upper range for Mi^2 and m^^ is not relevant to naturalness but has the 
meaning of a practical decoupling value for the corresponding particles, given 
the ranges in (3.4.1). The masses of the third generation sleptons are relatively 
less important to the phenomenology of gluino decays as long as the Lightest 
Supersymmetric Particle (LSP) is a neutralino. 

An effective way to characterize the signal from gluino pair production is to 



consider the semi-inclusive Branching Ratios [122]: 

Bu = BR{g ^ ttx) Btb = BR{g ^ tbx) = BR{g ^ %) 

5,5 = BR{g ^ bbx), (3.4.5) 

where x stands for the LSP plus W and/or Z bosons, real or virtual, that may 
occur in the chain decays. To an excellent approximation in the ranges (3.4.1) it 
is: 

Bu + 2Btb + Bbb ~ 1, (3.4.6) 
so that the final state from gluino pair production is: 

pp-^gg-^ qqqq + XX (3.4.7) 

with q either a top or a bottom quark for a total of nine different possibilities. 

A particularly interesting signal are the equal-sign di-leptons (e or yu) from 
semi-leptonic top decays |123| - |126| , with an inclusive branching ratio: 

BR{l^l^) = 2Bf{Btb + Buf (3.4.8) 

^We neglect the chirality mixing between the two sbottom states, which is in particular 
not enhanced by large tan/3 as in the MSSM case. We neglect also small terms in the squark 
mass-matrices squared proportional to g^v^. 
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where Bi = 21%. Since B^b is relatively disfavored by yt » i/b, in the greatest 
part of the relevant parameter space BR{l^l^) is between 2 and 4 %. Lower 
values can occur when: i) Bl or bji become the lightest squarks ( for bi this is 
for 9t — > 7r/2) and/or ii) rrig < rriLSP + i^t- Additional although typically softer 
leptons can be present in the final states due to W and or Z decays included in x- 



3.4.2 A largely unconventional Higgs sector 



The Higgs system of ASUSY has been studied in detail in 88, 106 , although for 
an almost limit value of A = 2 and for a relatively heavier singlet scalar 05 so that 
its mixing with the more MSSM-like states, H, A, can be ignored. 

Needless to say a most striking feature of ASUSY would be the discovery 
of the golden mode h — ZZ, with two real Z bosons, in association with a 
supersymmetric signal as described above. The constraint from 6 — s + 7 is 
straightforwardly satisfied, given the moderate value of tan /3, for a charged Higgs 
boson, H^, heavier than about 400 GeV, thus implying in most of the parameter 
space a similar lower bound for the neutral scalars, H and A. In turn naturalness 
suggests all of them not to be heavier than about 800 GeV. 

In this Higgs boson sector, beyond the mass values, there are several important 
effects due to the largish coupling A. One such effect is in the one loop corrections 
to the T-parameter due to the virtual Higgs exchanges. These corrections are 
positive and automatically of the right size to compensate for the growth of both 
T and 5* due to the heavier rrih, so as to keep agreement with the EWPT in 
a relatively broad range of tan /3, not too far from unity [88j. Specifically in 
the heavy Higgs sector, a most striking feature of ASUSY is the width for the 
decay H — t- hh, which, being proportional to A^, can go up to about 20 GeV for 



mn = 500 ^ 600 GeV 106 



3.4.3 Dark Matter: relic abundance and direct detection 

In ASUSY the LSP can acquire, relative to the MSSM, an extra component in the 
direction of the neutral singlet S. Here we shall consider the case in which such 
component is negligible, due to its heaviness relative to /i. Mi and possibly M2. 
This allows us to illustrate in clear terms a generic feature of the relic abundance 
of Xlsp due to the heaviness, relative to the MSSM, of the lightest Higgs boson. 



Such feature would in fact be common to any of the models discussed in Sect. |3.3 
as long as they share a Higgs boson in the 200 -7- 300 GeV mass range. 

The way in which the LSP in the MSSM can acquire the observed relic abun- 
dance to allow its interpretation as a DM candidate is well known. As observed 
in 127 , after LEP constraints are taken into account, the correct prediction for 
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Figure 3.8: Isolines of DM relic abundance (solid) and of LSP masses (dashed) for 
M2 » Ml. Dark blue regions (current CDMS exclusion), light blue (projected 
XENONIOO sensitivity). Left: MSSM, rrih = 120 GeV, tan^ = 7. Right: ASUSY, 
ruh = 200 GeV, tan^ = 2. Figure taken from [3]. 
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the DM density requires special relations among parameters, justifying the ter- 
minology of "well-tempered" neutralino. This is neatly illustrated in Fig. 3^ 
on the left hand side, which is appropriate to the "well-tempered" bino/higgsino 
case, i.e. for large (and irrelevant) M2: to obtain the observed relic abundance. 
Ml and fi should be pretty close to each other. In the same plot, which is for 
mh = 120 GeV and tan (3 = 7, the regions are also shown to which the direct de- 
tection searches are either currently sensitive 128 or should become sensitive in a 
near future [129j. To draw these contours we assume everywhere a standard DM 
density in the halo of our galaxy. These sensitivity regions are therefore directly 
relevant only where they overlap with regions of correct relic abundance. 

The effect of the larger m/j is clearly visible in the same Fig. 3.8 on the right 
hand side, which is appropriate to ASUSY for rrih = 200 GeV and tan /3 = 2, while 
M2 is still kept large. In both plots of Fig. 



3.8 it is rriA = 550 GeV. The effect 



of the ti threshold, only visible in the figure on the right, is due to the 1/ tan/3 
behaviour of the Att coupling, negligible in the case of the MSSM for tan (3 = 7. 
Fig. |3.9| shows two other cases for ASUSY. On the left hand side everything 
3.8 right, except for mh = 250 GeV. On the right hand side, for 
2, M2 is lowered to 200 GeV. The raise of has also 



is as in Fig. 

m/j = 200 GeV and tan /3 



a clear and well known effect on the direct detection cross sections, dominated by 
/i-exchange and therefore proportional to l/mf^ 130,131 . This effect is relatively 



compensated in the low M2 case by a significant change in the LSP composition. 



3.5 Concluding remarks 

In this Chapter we have given attention to the possibility that the Higgs mass 
problem and the Flavour problem contain a unique message. Notwithstanding 
the validity of the standard MSSM approach, which makes its test a crucial task 
of the LHC, we argue that this is a meaningful possibility. Truly enough it rests on 
the notion of naturalness, which can hardly be viewed as the basis of any theorem, 
and moreover there is no serious understanding of the flavour pattern. Yet the 
possibility that the Higgs mass problem and the Flavour problem point towards 
an extension of the MSSM needs to be given serious consideration. The basic 
simple idea that we pursue is that a lightest Higgs boson naturally heavier than 
in the MSSM renders at the same time more plausible that the SUSY Flavour 
problem has something to do with a hierarchical structure of the sfermion masses, 
a connection often invoked in the past. 

At first the constraints set by the lack of flavour signals would seem to require 
values of the masses of the first two generations totally incompatible with natu- 
ralness. However the combination of mild flavour assumptions with a relaxation 
of the naturalness constraints by an order of magnitude thorough a heavier Higgs 
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boson than normal can change the situation. The concrete proposal that we make, 
which should at least be taken as an example, consists of the following. With de- 
generacy and alignment between the first two generations of sfermions controlled 
by a parameter of the order of the Cabibbo angle and a ratio of 4 5 between 
and 6^^, in one direction or another, even the hardest flavour constraints can 
be satisfied by mj^^ > 20 ^ 30 TeV. In turn these masses are natural if they are 
born degenerate, at least within SU{5) multiplets, at a scale M below 10^ TeV 
and a modification of the Higgs sector, which remains perturbative up to the same 
scale, raises the lighest Higgs boson mass in the 200 -v- 300 GeV range, e.g. like in 
ASUSY. No matter what produces it, a Non Standard Supersymmetric Spectrum 



like the one shown in Fig. 3.1 is brought into focus. 

Even before any detailed investigation, which is beyond the scope of this The- 
sis, the following phenomenological consequences clearly emerge: 

• The abundance of top, even generally more than bottom quarks, in the 
gluino decays, giving rise to a distinctive signature in gluino pair production, 
which could be detected already in the early stages of the LHC. 

• The appearance of the very much non MSSM-like golden mode decay of the 
lighest Higgs boson, h — )■ ZZ, although with a reduced Branching Ratio 



88, 106 relative to the SM one with the same Higgs boson mass. 



A distinctive distortion of the relic abundance of the lightest neutralino, 
again relative to the MSSM, due to the s-channel exchange of the heavier 
Higgs boson in the LSP annihilation cross section, with an LSP which needs 
no longer be "well-tempered" . 



For further phenomenological studies of ASUSY see also 132 134 . 
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4.1 A pattern of flavour symmetry breaking 

The elusiveness so far of any clear deviation from the Standard Model (SM) in 
Flavour Changing Neutral Current (FCNC) amplitudes poses problems to phe- 
nomenological supersymmetry, arguably even more than the lack of direct signals 
of any s-particle. Since the early times the SUSY Flavour problem has been the 
subject of many investigations with several suggestions for its possible solution. 
However the remarkable progression of the flavour tests achieved in the last years 
has rendered the problem more acute. While deviations from the SM could be 
hiding just around the corner, as perhaps even hinted by recent data, the overall 
quantitative success of the SM in describing many measured FCNC effects calls 
for a reconsideration of the issue. 

Broadly speaking one can group the various attempts at addressing the SUSY 



Flavour problem in three categories: "degeneracy" 57,135, "alignment" [136 | or 



"hierarchy" 110 - 117 . Here we follow a specific direction centered on the special 
role of the top Yukawa coupling and, by extension, of the full Yukawa couplings for 
the up-type quarks. We base its implementation on a definite pattern of flavour 
symmetry breaking, which will result in a kind of blending of the three different 
approaches just mentioned. 

This Chapter is mainly based on ||^ and |6j . Our assumptions are the following: 

• Among the squarks, only those that interact with the Higgs system via the 
top Yukawa coupling are significantly lighter than the others. 

• With only the up- Yukawa couplings, Yu, turned on, but not the down- 
Yukawa couplings. Yd, there is no flavour transition between the different 
families. 
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The first assumption is in line with the "hierarchical" picture. On one side the 
tight constraints on the flavour structure of the first two generations of squarks, 
qi^2, by kaon physics get relaxed by taking gi^2 sufficiently heavy. On the other 
side the naturalness upper bounds on all the squarks that do no feel the top 
Yukawa couplings, i.e. again gi 2 and the right-handed sbottom, are much looser 



than for all the other s-particles 41 . The second assumption corresponds to 



the "alignment" between and the squared mass matrices of the left-handed 
doublet squarks, m^, and of the right-handed singlet squarks of charge 2/3, m|. 
This alignment can result from a suitable pattern of fiavour symmetry breaking. 

In fact, in the 1^ = limit, the largest flavour symmetry consistent with the 
above hypotheses is 

f/(l)^^ X f/(l)^^ X [7(1)^3 X f/(3),„ (4.1.1) 

where Bi acts as baryon number but only on the supermultiplets Qi and Ur. of 
the i-th generation, respectively the left-handed doublets and the charge-2/3 right- 
handed singlets, whereas ^7(3)^^ acts on the three right-handed supermultiplets 
of charge 1/3. We are going to analyze in detail the consequences of this flavour 
symmetry, assumed to be broken down to overall baryon number by the small 
Yd couplings only. Throughout this Chapter we take tan/3, as usually deflned in 
supersymmetric models, below about 10. 

Smaller symmetries that are interesting to consider as well are 

f/(l)5^ X f/(l)^^ X f/(l)5^ X f/(l),,^ X f/(2),, (4.1.2) 

and 

Ul,Uil)^^xUil)d,^, (4.1.3) 

always broken by the (supersymmetric) down- Yukawa couplings only. Needless 
to say, when Yd is switched on, [7(3)^^ still implies approximate degeneracy of 
all the right-handed down squarks, whereas only the flrst two generations are 
approximately degenerate in the U (2)^^ case. These symmetries can be compared. 



foi Yu = Yd = 0, to the usual case 1.1.5 



?7(3)q X [/(3)„, X f/(3),„ (4.1.4) 
that leads, under suitable further hypotheses, to Minimal Flavour Violation (MFV) 



27 of the FCNC amphtudes. 



4.1.1 Flavour changing transitions 



Let us analyze the consequences of (4.1.1). In the physical basis for the charge 



2/3 quarks, where we work from now on, the squared mass matrices m^,m| and 
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the A-terms for the charge 2/3 squarks are flavour diagonal, up to corrections 
controlled by Yd. Thus with = we have: 



m 



Q = diag (m?^, m|, mJ-J , (4.1.5) 



m 



2 - diag(m?^,m?^,m?J , (4.1.6) 



m 



l = m]xl. (4.1.7) 



Here, only m?^ and are assumed to be light, while the other mass squared 
parameters are heavy. We also assume all the slepton masses to be heavy. 

Once Yd is switched on, the flavour symmetry is broken down to baryon number 
and the squark mass matrices mg and ml receive corrections quadratic in F^, 
since, in analogy with standard MFV, we promote Yd to a non-dynamical spurion 



field transforming under (4.1.1 ) in such a way that the down- Yukawa couplings are 
formally invariant. As mentioned above, we assume tan (3 to be small to moderate, 
in the range tan/3 < 5. To see the effects of the corrections induced by Frf, one 
must view Yd as the sum of 3 matrices Y^, each with only the i-th row different 
from zero, 

Y^ = rYd, {r)^p = 5iJ,p. (4.1.8) 

The Y^ transform as a triplet under f/(3)rf^ and are charged under fi^j^ It follows 
that 

Am^ = J]m?yj(yj)t, (4.1.9) 

i 

Am?, = 5^m|F,^(FJ)t, (4.1.10) 

i 

where m? , m| are real squared masses. Therefore, mq remains diagonal, whereas, 

setting Yd = VYd by f/(3)(i^ invariance, with V the CKM matrix and Yd diagonal, 
the correction to m|, becomes 

Ami = Y.'^iM^^'^^'i^ (^-i-ii) 

i 

which is negligibly small for = 0(m|). 

In the physical basis for all matter fields, quarks and squarks, all the flavour 

^We thank Marco Nardecchia for useful comments about this pomt. 



64 



Effective MFV with 

a pattern of flavour symmetry breaking hierarchical sfermions 



changing interaction terms are therefore 



FC 



9 

V2 



[uzrv cLl) W+ - g ulV W- + ^ d^V dL 



V2 



-V2^dl VBdL-V2gs dl \' V d^ 
o 

+u*R YuV H- dL + u^YuV dL H+ + h.c, 

(4.1.12) 

where Yu is the diagonal Yukawa couphng matrix and terms proportional to Yd 



have been neglected. As seen from the first term on the right-hand side of (4.1.12 ) 



V is the Cabibbo-Kobayashi-Maskawa matrix. In deriving (4.1.12) we have ne- 



glected the mixing between left and right squarks induced by the A-terms. Their 
introduction would not change the fact that V is the only flavour-changing ma- 
trix. Furthermore, mild conditions on their size make them only relevant in the 
ii — in mixing, which can be straightforwardly introduced in the analysis. Cpc 
in ( 4.1.12[ ) coincides with the one that would be obtained from (4.1.4) and Y^, Y^ 
were promoted to spurious that keep the supersymmetrized SM Yukawa couplings 
invariantj^ The squark spectrum is, in the two cases, largely different. 

The interactions in (4.1.12) inserted in suitable box diagrams give rise to the 
following general structure of the AF = 2 effective Lagrangian 



AF=2 



^aj^f5^j,k^k^j fj,k{dLaltidLi3) + h.c, a, /3 = d, s, b; j. A; = 1, 2, 3, 

(4.1.13) 

where = VjaV*p (here j = u, c, t) and fj^k = fk,j are functions of the masses of 
the j-th, k-th generations of up or down squarks, of the charged Higgs boson and 
of the various gaugino, higgsinos. 

Similarly from penguin-type diagrams one obtains 



— 2^s^a^l3^kC,k Jk V(s) + 'T'-C-, 



(4.1.14) 



where s extends over all the the effective operators relevant to the processes 

with different final states in AF = 1 FCNC transitions and the functions fjf^ 
depend on the masses of the k-th generations of up or down squarks, other than 
on the masses of the various gaugino, higgsinos and of the charged Higgs boson. 



To be precise, both (4.1.13) and (4.1.14) only include the extra contributions 



from the SM ones, due to the standard charged current interaction in (4.1.12) 



which however, in the down sector, have exactly the same structure. The only 
difference is in the form of the functions fj^k and fjf\ which, in the SM case, 
depend on the W mass and on the masses of the up-type quarks of the j-th, k-th 
generations. 

^The degeneracy of all the squark masses as Yu, = requires in fact some further assump- 



tions on the relative size of the various corrections induced by switching on and Yd 138 
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4.1.2 Effective Minimal Flavour Violation 

Using Sj^"'' = for any a 7^ /3, it is useful to reorganize the various terms in 

(4.1.15) 



(4.1.13) as 



fAF=2 _ fAF=2 _|_ fAF=2 , fAF=2 
*- ~ ''-33 "T *-'12 "T ''-12.3 



where 



rAF=2 
''-33 



AF=2 
12 



^^^p{iTY{h^, - 2/3,1 + h,l){dLal,dLpr + h.C, 
^aM^ff{f2,2 - 2/2,1 + fl,l){dLal,dLpf + h.C, 



^f2'r = ^a^p2^r^3if3,2 - /3,1 + /l,l " fl,2){dLalM' + h.C. 



■'AF=2 _ ^^aP^aP 
>2 S3 

Similarly, for the AF = 1 case, 

'AF=1 



31 



21 



where 



rAF=l 
''-31 

nAF=l 
'-21 



tv M/) _|_ 



(4.1.16) 

(4.1.17) 
(4.1.18) 

(4.1.19) 

(4.1.20) 
(4.1.21) 



■fnQU 

In the SM, where, as said, these expressions also apply, the high degeneracy of 
the up and charm quarks relative to the W mass makes such that only the first 



terms on the right-hand-sides of (4.1.15) and (4.1.19) (for brevity "the top-quark 



exchanges") are relevant, or dominate over the others, in every FCNC process, 
with the exception of the "real part" of the AS" = 2 transition, where is 
important. Therefore, in any extension of the SM where the extra FCNC effects 



are described by (4.1.13) and (4.1.14) and, furthermore, the first term on the right- 



hand-side of (|4.1.15|) and (|4.1.19|) dominates over the others, all FCNC amplitudes 

(4.1.22) 



have the forms 



A: 



AF=2\ 



A, 



AF=1, 



\MFV 



ylAF=2| /I I ^AF=2n 
•^aB SAf(l + e ) 



\MFV 



A 



AF=1„ 



l + e 



AF=l,s\ 



; (4.1.23) 

with e^^=2 and e^^^^'** real and universal, i.e. not dependent on a and (3. This 
is called effective Minimal Flavour Violation. For clarity of the exposition we are 



posponing the discussion of flavour blind CP phases 137 to Section 4.3 



As already mentioned a supersymmetric extension of the SM with a maximal 



flavour symmetry (4.1.4) only broken by Yu and Yd leads under reasonable as- 



sumptions to effective MFV. In this case the extra terms in (4.1.15) and (4.1.19) 



are suppressed by the high degeneracy of the squarks of the first two generations 
relative to their mean masses. In the case of hierarchical squark masses considered 



here, based upon (4.1.1), the extra terms in (4.1.15) and (4.1.19) will in general 
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only be suppressed by the heaviness of the first and second generation of squarks. 
From the dependence upon of C^^^"^ and and the consideration 

of the experimental constraints on the various FCNC amplitudes, it is seen that 
the dominant effects to be taken under control to obtain effective MFV are: 

• From the contribution to the "real part" of AS = 2; 

• From C^-f^"^ the contribution to the "imaginary part" of AS = 2. 

Furthermore, once these constraints are satisfied, all possible deviations from MFV 
in other FCNC channels are negligibly small. 



4.2 Lower bounds on the heavy masses 
4.2.1 Inclusion of QCD corrections 

The precise knowledge of the mixing angles allows a neat determination of the 
bounds to be satisfied by the heavy squark masses to obtain effective MFV. To 
this end resummed QCD corrections must also be taken into account. Since there 
is no other AS = 2 operator involving the left-handed fields di, sl other than 

Q, = {TYPLsn (d^l.PLs") (4.2.1) 

(with colour indices made explicit), one would think that the QCD corrections 
consist in a simple rescaling of the well known anomalous dimension of Qi. This 
is true for the Lagrangian Cf^^^, with the corresponding box diagrams in leading 
order only sensitive to "low" momenta (of the order of the masses of the lighter 
squarks and of the gluino) and for £f^^=^, generated by box diagrams sensitive 
only to "high" momenta (of the order of the masses of the heavier squarks). This 
is however not the case of C^-f^^ with the corresponding box diagrams sensitive, 
already in leading order, to all momenta between the low and the high scal^ 

Let us deal for simplicity only with the gluino box diagrams which give, in 
most of the parameter space, the dominant contribution. The new ingredient 
that is required to deal with the heavy-light exchange in C^-f^"^ is the mixing 



between the AS = 2 operator (4.2.1) and the AS" = 1 operators with two gluino 
external legs, for which a possible basis is 



The calculation of the QCD corrections to the AS* = 2 effective Lagrangian has in fact 



already been considered in 121 139 140 in the context of a hierarchical spectrum, but the 
special problem presented by -C^^g"^ was missed. 
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The appropriate effective Lagrangian to work witfi is 

jT'ff = C\Qi + S,Cf gf (4.2.2) 

It is convenient to define tlie scale-dependent 4-component vector 

= (Ci, Cj); Cj = {Cf, CI, CI) (4.2.3) 

satisfying an appropriate initial condition at /i = rrih, a mean heavy squark mass, 
and a Renormalization Group Equation (RGE) 

r^C. (4.2.4) 



dlog/i 

The 4x4 matrix of anomalous dimensions, F, receives contributions both from 
standard gluon exchanges as from flavour-changing light-squark exchanges. Its 
explicit expression for a generic SU {N) of colour is 

where 71 = 3^^^^ is the standard anomalous dimension of Qi and: 

N^-AN-1N-1\ 

^9i=[—r^,^Tr A^'~§~j (^-^-^^ 

7..= I -f + f -f + ^ |, (4.2.6) 

where is the number of light squarks {ti , tR , &l, i.e. = 3 in our context). 

Wc are interested in the expression for Ci(m^) at the light scale, with ~ 
rrig ~ "^(33) up to first order in ^f"^ (which makes 71^ irrelevant). To this end one 
has first to evolve the Cy to the scale /j, which is readily done by diagonalizing 
the 3x3 matrix 7^^, via = A^^ A^^. In terms of A and of the diagonal matrix 



AN 


' 8N 


4 








3N I 1 
2 




3N 


-3 


2 



"3 

^99 '^'99 

7fd, one has 



99 



/ a (a) 



where 6o/27r is the first coefficient of the beta-function for a^. 
The RGE for Ci now has the form 



dCi as 



dlogfj, 27r 



{liC, + Ct%A), (4-2.8) 
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where the last term on the right-hand-side, upon insertion of (4.2.7), is a known 
function of fi. By standard techniques one has therefore 



Ciirrii) 



a. 



■yi/bo 



as{mh)J 

with the matrix elements of the diagonal matrix given by 



(4.2.9) 



1 



D kk 



Ik - 7i 



7fe/^o 



a. 



-yi/bo 



7fc = (7S)fc.. (4.2.10) 



The first term on the right-hand-side of (4.2.9) corresponds to the standard 
rescaling of Qi, whereas the second term, proportional to is the QCD cor- 
rected contribution appearing at lowest order in £f^^^^. Indeed by expand- 
ing the second term in one recovers the lowest order coefficient of the form 
(a2/rra2) log rrih/me. 

4.2.2 Mass bounds 

We are in the position to determine the lower bound that have to be satisfied 
by the heavy squark masses in order to give rise to effective MFV in the sense 
discussed in Section 3. For simplicity we take 



(4.2.11) 



The full expressions of the functions fj^k entering in (4.1.13) can be found in the 



literature 141 142 . To allow an analytic control of the final results we describe 



the two limiting cases: 

• Quasi Degenerate: 6 = 2{m{ — m2)/{m\ + m^) sufficiently small that an 
expansion in 6 can be made (and + m\ = 2m\) 

• Non Degenerate: mi » m2 (or, equivalently, viceversa). 

We also take all the masses of the light particles comparable to each other and to 
the mass m^, i.e. 



mg ^ mi^ ~ mi^ ^ m^^ ~ ~ ~ 
From the lowest order box diagrams one obtains 



(4.2.12) 



£f/=2 = S12Q1 + h.c. 



(4.2.13) 
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where, for the two hmiting cases (the indices s, d on ^2,3 omitted in this Section 
for brevity): 



qQD 

^12 



8"^ 
mi 



11 



a' h 

' 108 72 V 



127^2 + 8— 7^ + 3 



(4.2.14) 



S 



ND 
12 



m 



2 L 



at 



11 

36^ 24 



3 + 8— 7^ + 127^^ 



n 



cos^ Ow V4 9 



1 



Similarly, for the heavy-light exchange at lowest order one has 

^Vl^"^ ~ 'S'l2,3<5l + h.c. 



sin^ e 



w 



(4.2.15) 
(4.2.16) 



where 



qQD 

'-'12,3 



cND 
^12.3 



^2^3 — 2 



mt 
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mt. 



a. 



+ 



a. 



+ 



35 11 

+ 



mt 



log 

i» ml 

1 2 as ^ ^9 

4 3 a,,, 



37 11 , 

1 log 

36 18 ^ m 



2 



7 + 77— 7^ + 7^^ 

4 3 a,,, 



-4 + log — ^ 



log 



(4.2.17) 



(4.2.18) 



Both in the QD as in the ND cases we are neglecting terms vanishing as m^/m^. 

From the above equations, using the results of the previous Section, the a1 
terms in £f/=2 + C^^=^ can be corrected to include the resummed higher-order 
QCD effects by computing Ci{m(). The relevant initial conditions at the heavy 
scale, to be used in (4.2.9), are: 

• For the Quasi Degenerate case: 
„2 / 11 35 



a 



m 



^2 108 ^^18 



CT = -47ra,e2 



mt 



(4.2.19) 



For the Non Degenerate case: 

>,2 



at 



^2 36 '^^^^36 



C3 



-47ras6 



(4.2.20) 



Ci(m^) can then be evolved down to the GeV scale in a standard way, prop- 
erly accounting for the different thresholds one encounters in the beta-function 
coefficient. 
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1.2 1.4 1.6 1.8 2.0 

Figure 4.1: Lower bounds on m2 as a function of the ratio r = mi/m2 to obtain 
effective MFV. For a given light mass, = 300, 500, 700 GeV, the allowed region is 
above the corresponding line, from Ci^^z"^-, and in any case above the "hh" line, from 
£f/=2, which is me, independent. Figure taken from 4 . 



To determine finally the lower limits on the heavy squark masses that give rise 
to effective MFV in the FCNC amplitudes we use the following bounds, quoted 
in 



26 and refered to the parametrization 



£^^=2 = ± + + h.c, {A.2.21] 



with the standard definition of the phases of the quarks s and d: 

• Ajie > 9.8 ■ 10^ TeV, relevant to £^'^"^, which depends on the two heavy 
masses, mi an m2] 

• Aim > 1.6 ■ 10'' TeV, relevant to Cf^^^y which depends on the two heavy 
masses, mi an m2 and on the light mass m^. 



The lower limits implied by these bounds on 1712 are shown in Fig. |4.1| as function 
of the ratio, r = mi/m2, from r = 1.2 to r = 2. Given our hypotheses we would 
not be able to defend a too near degeneracy of the two heavy masses. For values of 
r higher than 2 all the curves rapidly flatten out since the heavier mass decouples. 
The bound from C^^^"^ is shown for three different values of m^. For any given 
value of rrii what determines the bound on m2 is the strongest between the one 
derived from the heavy - heavy exchange (from C^2^^ denoted "hh" in the 
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figure) and that arising from C^2^'^- The near equality between ^2 and ^1 imphes 
that the bounds shown in this figure would be almost identical if the ratio between 
mi and m2, the masses of the first two generations of squarks, were reversed. As 
seen from Fig, 4.1, in most cases the bound is dominated by the limit on Ci2^'^ 
from in (4.2.21 ), which makes the QCD corrections computed in the previous 



Section particularly relevant. 

The precision of this bound can be further improved with the inclusion of QCD 
corrections also to terms in (4.2.13 4.2.18) containing the electroweak couplings. 
This is what done in Isl, and the result is that in this case the corrections are of 



the order of few percent and thus practically irrelevant for our purposes. 



4.2.3 Less restrictive symmetry breaking patterns 



As mentioned in Section 1, it is of interest to consider also the case in which the 



symmetry (4.1.1) is lowered to (4.1.2) or (4.1.3). In this case it is no longer true 



that the unitary matrix U that diagonalizes Yd on the right can be transformed 
away without affecting the various interactions. On the contrary, in the physical 



basis for the various particles, the flavour changing Lagrangian in (4.1.12) receives 
the extra contribution 



FC 



-V2^d\ UBdR + V2g3 d*^ Ug^dR + h.c. 



(4.2.22) 



with a serious loss of predictive power since U is unknown. We nevertheless 
present an estimate of the dominant effects, always in the form of lower bounds 
on the masses of the heavy squarks in order to maintain effective MFV. To this 



end we define t] 



j 



UjcJJjii and. 



at least normalization, we consider 



(4.2.23) 



where 0" are arbitrary phases. Furthermore we do not assume any special de- 



generacy among the squark mass parameters that respect (4.1.2) or (4.1.3). 



Under these assumptions the largely dominant contribution to the FCNC am- 
plitudes arises again in the CP violating AS* = 2 channel. Due to the much larger 
hadronic matrix elements of the left right operators 



^4,5 = {dRSL){dLSR) 



(4.2.24) 



(with two possible contractions of the colour indices), by similar arguments to the 
ones used in Section 3 one easily sees that the most important effects are: 



For the symmetry (4.1.2) 



A/: 



AS=2,LR 
123 



6'73(fi'23 - 921 - 913 + 9ll)Qi,5 



(4.2.25) 
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For the symmetry (4.1.3) 



AC 



AS=2,LR 
12 



i2mi.922 - 921 - 912 + 9ll)Qi,b 



(4.2.26) 



with the functions Qij, not symmetric in j, dependent upon left and right down 
squark masses. For all the heavy down squark masses of typical size mh-, it is 



A r.AS=2,LR 
^'^(123,12) 



a: 



(6^3,6^2)^^4,5 



(4.2.27) 



up to dimensionless coefficients of order unity, sensitive to the ratios of the squark 



masses. If one uses (4.2.27) for (54, in a standard notation, and one scales down 



its coefficient by its diagonal anomalous dimension, ignoring mixing with Q^, one 
obtains the lower bounds: 



For the symmetry (4.1.2) 



TUh > 450 TeV 



6 



sm 03 



1/2 



(4.2.28) 



For the symmetry (4.1.3) 



ruh > 10^ TeV 



m 
6 



sm (p2 



1/2 



(4.2.29) 



Once again, without deviations from the assumptions made on the various pa- 
rameters (or special relations among them) , these bounds imply effective MFV in 
all other FCNC amplitudes to high precision. 



4.3 Consequences on the EDMs and AB = 1 

The usual MFV principle with U{3)^ symmetry evades the SUSY Flavour prob- 



lem, but it does not by itself provide a solution to the SUSY CP problem 137 
flavour blind (FB) phases, such as the phase of the n term, the gaugino masses 
and the trilinear couplings in the MSSM, are not forbidden and, unless strongly 
suppressed, would violate bounds set by the non-observation of the Electric Dipole 
Moments (EDMs) of the electron or neutron. Let us enter in some detail and see 
how the 'Effective MFV framework described above provides a solution also to 
this problem, thanks to the hierarchical sfermion spectrum. We will show that, 
with the one-loop contributions to EDMs suppressed by first-generation squark 
masses, the most interesting signatures of these FB phases are expected to arise 
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in EDMs, from two loop effects, as well as in 6 — > s transitions, sensitive to the 
exchange of the third generation of squarks only. This is in particular true for 
moderate values of tan /3, to which we have stick since we view the down-type 
Yukawa couplings as a perturbation relative to the up-type ones. 



To complete the discussion of Section 4.1.1 for our purposes, we notice that 



the flavour symmetry (4.1.1) forbids the A terms for the down-type squarks, but 
only requires the up-type trilinears to be diagonal in the basis where the up- 
type Yukawas are diagonal, with no restriction on their size or phases. This is in 
contrast to the MFV case, where the first two generation A terms are proportional 
to the first two generation Yukawas. However, this will not play an important role 
in the following, since the heaviness of the first two generation squarks implies 
that left-right mixing is always a small effect, except for the stop. The A terms 
of the down-type squarks, on the other hand, have the MFV form 

AD = aDYd + 0{Y!) , (4.3.1) 

with aD in general complex. Since all down- type squarks with the exception of 
the left-handed sbottom are heavy and since tan /3 is small, down-type trilinears 
will also be negligible for phenomenology. We can therefore restrict our discussion 
of trilinear couplings to the stop trilinear At in the following 

Let us then consider which physical CP-violating phases are present in this 
framework. For simplicity we assume for the time being that the gaugino masses 
are universal, or at least have a common phase, at some scale (we will see later 
that relaxing this assumption does not change the final conclusions). Then, by 
appropriate field redefinitions, one can choose the soft SUSY breaking b term and 
the gaugino masses to be real. The remaining irreducible phases then reside in the 



fi term, 0^, in the qd parameter of (4.3.1 ) as well as in the three up-squark trilinear 



couplings Au^ct- As discussed above, the only phenomenologically relevant phases 
will be the ones of fi and At, since the others are always accompanied by a heavy 
sfermion mass suppression. 



4.3.1 Electric Dipole Moments 

The non-observation of electric dipole moments of fundamental fermions is one of 
the strongest constraints on CP violation in the MSSM. Experimentally, the most 
constraining EDMs are currently the ones of the Thallium and Mercury atoms 
and of the neutron. The Thallium EDM is dominated by the electron EDM and 
is approximately given by 

ciTi = -585 4, (4.3.2) 

''We do not factor out the top Yukawa from At and choose a convention where the left-right 
mixing entry of the stop mass matrix is given by ^(At — fJ-*yt cot /3). 
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Figure 4.2: Dominant one-loop contribution to the down-quark and electron EDMs. 
The photon can be attached anywhere along the chargino line. Taken from [61. 



leading to the experimental 90% C.L. upper bound 153 

141 < 1.6 X 10"^^ 



e cm . 



(4.3.3) 



The neutron EDM, on the other hand, receives contributions from the electric 
and chromoelectric dipole moments (CEDMs) of the up and down quarks. For 
the case of the neutron EDM one can use QCD sum rules [154J to get: 



dn = (1±0.5) 



lA{dd - -du) 



I.le(rf7 + ^J^; 



(225 MeV)3 

where d^ are the CEDMs, and chiral theory to write: 

mu + md 

The current experimental upper bound at the 90% confidence level is 155 

\dn\ < 2.9 X 10^26 



(4.3.4) 



(4.3.5) 



(4.3.6) 



The Mercury EDM is sensitive to the electron EDM and the quark CEDMs. In our 
framework it turns out that, also in view of considerable hadronic uncertainties 
[156 , it is not competitive with the other two constraints, so we focus on dn and 
de from now on. 

One loop EDMs: The one-loop contributions to the quark (C)EDMs are 
always suppressed by the heavy masses since the contributions involving only the 
third generation are suppressed by a factor of |V^dP/|KtdP ~ 8 x 10~^, which is 
significantly smaller than the generational suppression m'j/ml for the range of 
parameters we consideij^ Indeed, the only diagram which is suppressed only by 
two powers of the ratio m^/mh is the Higgsino-Wino contribution to the electron 



^As in the previous sections, rah denotes the scale of the heavy sfermions, while mi is the 
scale of the light sfermions, Higgses and fermionic sparticles. 
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and the down quark EDM shown in figure 4^, with the photon attached to the 
Higgsino-Wino fine even in the case of the d-quark. An analogous contribution 
exists for the up quark, but there the factor tan (3 has to be replaced by cot (3. In 
addition, the up-quark EDM enters the neutron EDM with a factor of 1/4 with 
respect to the down quark as shown in (4.3.4). Therefore, de and d^ are more 
constraining. 

Neglecting terms of order higher than 2 in the ratio me/mh, the contribution 
to de and dd from the diagram in figure 4.2 is 



d 



l,HW 
e,d 



a 



rrie d tan {3 



47r sin^ 6w 



sin(0^)/i 



IM2 



where 



fi{x) 



2x Inx 



x2 - 1 



(4.3.7) 



(4.3.8) 



IM2I the experimental limit (4.3.3) 



For the case of the electron EDM, with 
is satisfied for 

> 4.0 TeV X (sin0^.tan/3)i (4.3.9) 

For the case of the neutron EDM, care must be taken to account properly for 
the QCD running effects from the scale of the heavy squark exchanged in fig. |4.2 
down to 1 GeV where the various quark terms in (4.3.4) are understood. To this 
end two considerations hold: 

• At the high scale ruh, integrating out the heavy u one does not generate an 
EDM since the quarks can still be considered massless, but one generates 
the operators (including the coefficients at m^): 



AC 



gvd 



m:- 



-idMiHdLW) + -{dLa^''dR){HdLO^^.W) 



(4.3.10) 



Below rrih these operators do not mix and the second operator in the r.h.s. 



of (4.3.10) (the only one that contributes at the weak scale where v appears 
and one integrates out W and Hd to generate the EDM) runs with the same 
anomalous dimension of the EDM operator itself, 7edm = 8/3(05/471) [157 



• From (4.3.4) and (4.3.5), the best way to estimate the neutron EDM is to 
consider the running of dq/niq with anomalous dimension 7 = 32/3(Q;s'/47r) 
and use mu/md = 0.553 ± 0.043. 

To include Q CD r unning effects, therefor e, the proper factor that multiplies 



d]i'^^ /rrid in (4.3.7) before its inclusion in (4.3.4) is 



Vqcb 



ots{mi) ) 



32/3 
2(9/2) 



as(mi 



32/3 
2(7) 



as{mt) J \as{mb) ) 



asirrit 



32/3 
2(23/3) 



as{l GeV) 



32/3 
2(25/3) 



(4.3.11) 
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where me is the common mass of all the "light" s-particles and the different 
thresholds are taken into account in the /3-function for as- From (4.3.6) and 



the central value of (4.3.4) one gets the bound 



> 2.7 TeV x (sin0^tan/3)2 



(4.3.12) 



or, more conservatively, rriu > 1.9 TeV (sin 0^ tan /3) 2 , if one uses the weaker 
constraint. 

Notice that one needs only a moderate hierarchy in order to satisfy the bounds 



(4.3.9) and (4.3.12), together with the bounds in Figure 4.1 with mi not too 



small. These bounds are actually basically compatible with the 10% finetuning 
bounds in equations (17) of ^ij, with matter in the (10) and (5) representations 
of SU{5) with initial conditions at the GUT scale rriQ = rriu = = mio and 
mj = mi = m^. This means that, with the Flavour structure we are considering, 
it is possible to naturally have enough hierarchy to solve the SUSY Flavour and 
CP problems even without increasing the lightest Higgs boson mass at tree level, 
as considered in the previous Chapters. 

As anticipated, for the moderate values of tan /3 we consider, these constraints 
allow an arbitrarily large phase of the /z term for first generation sfermion masses 
which are perfectly natural in the framework described in [3]. This is at variance 
with the standard MFV case, where several one loop diagrams contribute to the 
EDMs and, taking all the s-particle masses at fh and a universal trilinear coupling 
An = aoYq, the following bounds have to be satisfied: 



From the electron EDM 

sin 0^ tan j3 < 7 x 10 

From the neutron EDM (central value) 

< 2 X 10^ 



m 



500 GeV 



(4.3.13) 



sm ( 



'ao 



m 



500 GeV 



m 



(4.3.14) 



In fact, the bounds on sin0^ and sin^^y are even up to an order of magnitude 
stronger in big parts of the MFV parameter space than the bounds quoted in 



eqs. (4.3.13) and (4.3.14), which are affected by accidental cancellations occuring 



in the case of degenerate s-particles at m. 

Two loop EDMs: Due to the strong suppression of the one loop EDMs, the 
two loop contributions come into play. Indeed, at two loop level there are Barr- 



Zee type diagrams not involving any of the first two generation squarks 158 -162 



such that the additional loop suppression can be compensated by the absence of 
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a) 




BR 



H+ \ X 



W+ 



Figure 4.3: Two-loop Barr-Zee type diagrams contributing to the electron EDM. The 
photon can be attached anywhere along the loop. Taken from (gI. 



the mass suppression. Some of these contributions are shown in figure |4.3| for 
the case of the electron EDM. As a matter of fact all the diagrams missing from 
figure 4.3 are suppressed by a relative factor 1/ tan^ (3¥\ Analogous diagrams exist 



for the up and down quarks. However, the current experimental situation makes 
the Barr-Zee contribution to de by far the most constraining one. 

Assuming the stop and chargino masses to be degenerate at m^, and taking H*^, 
y4°, all at a common mass m^, these two loop contributions to d^. are shown 
in figures 4.4i)-d) for maximal, independent values of sin (0^) and sin and 
tan (5 = 2,5. Such contributions are irreducible in the sense that they do not 
decouple with the first two generation squark masses. However, it is interesting 
that, for 0(1) phases and natural values of all the relevant parameters, the predic- 
tion for de is in the ballpark of the current experimental bound, eq. (4.3.3). We 



thus conclude that large flavour blind phases are allowed in EMFV, but predict 
an electron EDM in the reach of future experiments. 



4.3.2 CP asymmetries in B physics 

In addition to generating EDMs, the flavour blind phases also generate CP asym- 
metries in B physics. Remarkably, these contributions are unsuppressed by the 
heavy generations in B physics, which involves the third generation. The most 
relevant effects in EMFV are generated through contributions to the magnetic 
and chromomagnetic penguin operators in the 6 — )■ s effective Hamiltonian 



K 



eflf 



4Gf 

"7^ 



Vt,V*iC70, + CsOs 



(4.3.15) 



O7 



IQtt' 



93 



■m,{-sa^,T''PRh)G^''\ (4.3.16) 



^ These very same diagrams arc the ones that contribute in split supersymmctry where only 



one Higgs doublet survives in the spectrum at the Fermi scale 159 



78 



Effective MFV with 

Consequences on the EDMs and AB = 1 Hierarchical sfermions 




0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
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Figure 4.4: Prediction for the electron EDM in units of 10"^'' e cm in terms of the 
common stop and chargino mass nii and the common mass uia of H^, A^, in a 
scenario with sin {(p At) = 1 (diagrams a and b) or sin(0^) = 1 (diagrams c and d) 
for tan/3 = 2 (a and c) and tan/3 = 5 (b and d). The thick blue line in the lower 
plots corresponds to the 90% C.L. experimental upper bound, with the area left of it 
excluded. Figure taken from (HI. 
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H- 



■X-' 



1,9 




1,9 




tL 



1,9 



Figure 4.5: Main contributions to C7 and Cg. Taken from [6]. 



AB = 2 processes, on the other hand, are only weakly affected. In partic- 
ular, a sizable phase in Bg mixing, probed in the mixing-induced CP asymme- 
try in Bs — J/'ip4> and in the like-sign dimuon charge asymmetry and currently 
favoured by the data 163 , cannot be accommodated. As already mentioned, the 
only relevant effect in AF = 2 transitions can occur in ex- Before discussing the 
observables sensitive to the (chromo)magnetic operators, let us discuss the indi- 
vidual contributions to the Wilson coefficients Cj and Cg generated in the EMFV 
framework. 

Contributions to the magnetic and chromomagnetic operators: In the 

MSSM, the one-loop contributions to C7 and Cg stem from charged Higgs/top, 
neutralino/down squark, chargino/up squark and gluino/down squark loops. In 
our framework, the neutralino contributions are subleading. The dominant effects 
are therefore generated by diagrams involving a charged Higgs, gluino or chargino 
and no sfermions besides the stops and left-handed sbottom. The charged Higgs 
contribution shown in figure 4.5^ ) is given by 



7,8 



m 



mt 



(4.3.17) 



where fril] 



— t|j and /8(1) = — |, and is independent of tan/3. The only gluino 
diagram not suppressed by a heavy mass is the one in figure 4.5 d). Assuming 



the gluino and left-handed sbottom masses to be degenerate at mi, it gives a 
contribution 

8 ^2 j- 1 5 I 
144 J ■ 



4Gf 



•-^7,8 



(4.3.18) 



^2 ^''"^ 3mj [UA' 
The gluino contribution to Cj is thus usually negligible with respect to the charged 
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Observable 
BR{B -> X,7) 
Acpib S7) 

S<l)Ks 

(A) 
(^8) 



SM prediction 
(3.15 ±0.23) X 10-^ 
(0.441°:-) 
0.68 ±0.04 
0.66 ±0.03 



164 



165 


1( 


36 


165 


li 


36 



(3.4 ±0.5) X 10-3 
(-2.6 ±0.4) X 10" 



167 



167 



Experiment 

(3.52 ±0.25) X 10-^ 

(-1.2 ±2.8)% 

0.59 ±0.07 



Future sensitivity 
±0.15 X 10-^ 
±0.5% 
±0.02 

±0.01 

? 
? 



Table 4.1: SM predictions, current experimental world averages 168 and experimental 



sensitivity at planned experiments 169 ,170 for the i? physics observables. Table taken 
from (gI. 



Higgs contribution due to the small loop function, while the contribution to Cg 
can become relevant. The chargino diagrams in figures 4.5") and d) both involve a 
factor of tan /3 and become competitive with the charged Higgs contribution even 
for tan (3 as low as 5. Assuming the stop and chargino masses to be degenerate at 
m^, the Higgsino diagram in figure 4.5[ :) can be approximately written as 



7f 



'Vt- 



I tan/3 



5 1 
72' 24 ' 



(4.3.19) 



while the diagram with Higgsino- Wino mixing in figure 4.5 i) reads approximately 



•-"7,8 



2m 



w 



— 3- tanp 



11 1 
72' 24 



(4.3.20) 



While the charged Higgs and gluino contributions are reaQ both chargino dia- 
grams contain irreducible CP violating phases. We thus see that C7 and Cs can 
be significantly modified with respect to their SM values and they can acquire 
sizable phases, irrespective of the masses of the first two generation sfermions. 

Observables: Let us now turn to the discussion of the observables sensitive 
to NP effects in the Wilson coefficients of the magnetic and chromomagnetic 
operators. They are the branching ratio of B ^ ^sl, the CP asymmetries in 
B Xs-f and B ^ K* well as the time-dependent CP asymmetries 

in 5 — > (pKs and B — )■ rj'Ks- Whereas B — )■ K*fi'^^~ will be measured at 

^In the case of large tan /?, non-holomorphic corrections to the Yukawa couplings become 
relevant which can introduce phases in the charged Higgs contribution. Since we consider only 
low tan/3, we can neglect these corrections. 
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the LHCb experiment, the other observables require the clean environment of 
an e~^e~ machine and are going to be measured at the planned super flavour 
factories Belle II and Super i?. The current theoretical and experimental status 



and projected sensitivities are collected in table |4.1 

For a complete account and description of the various relevant observables we 
refer to Here instead we will focus on the example of the time-dependent CP 
asymmetries in i? — )■ (pKs and B — )■ rj'Ks- The asymmetries in these decays can 
be written as: 

{! ~ ^ {! = Sf sin(AMt) - Cf cos(AMt) . (4.3.21) 

Denoting hy Af {Af) the B ^ f {B ^ f) decay amplitude, Sj and Cf can be 
written as: 

^^ = rW' = with A, = e--(/'-^«.)(VA,). (4.3.22) 

In the SM, the mixing-induced CP asymmetries S^jjXg and Srj'Xs predicted 
to be very close to sin 2/3, measured from the tree-level decay B — )■ J/ipKs- In 
the presence of NP, there can either be a new contribution to the Bd mixing 
phase, affecting both S^^rj'Ks and S^Ks^ or a new loop contribution to the decay 
amplitude, affecting to a good approximation only S^^ri'Ks- the EMFV case, 
the new physics contribution 0^ to the B^ mixing phase is very small and Sf is 
modifled only through the modiflcation of the decay amplitude. The dominant 
NP contribution to the decay amplitude comes from C^. Then, it can be written 
as [I65|[m] : 

Af = A)[l + ay^ + {h% + h),e^^) C^*] , (4.3.23) 
where the Wilson coefficient is to be evaluated at the scale Mw- The a/ and h 



parameters can be found e.g. in 165 



Since the deviations of S^Ks ^"^^ ^v'Ks from their SM values depend only 
on the Wilson coefficient Cg, there is a perfect correlation between them, shown 



in figure |4.6| together with the la experimental bounds. The experimental data 
for both asymmetries have moved towards the SM value recently and are now 
compatible with SM at the la level. Still, there clearly is room for NP, as shown 



in figure 4.6, and the asymmetries will be measured much more precisely in the 
future. 



4.3.3 Numerical analysis 

In order to see whether there can be sizable effects in B physics or not, we perform 
a scan of the relevant parameter space. To do this, we vary the MSSM parameters 
at low energies focusing on two benchmark cases: 
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Figure 4.6: Correlation between S^^Ks S^'Kb ™ models where NP enters only 
through Cg. The solid line corresponds to Re(Cg'^) = 0, the dashed lines to Re(C8'^) = 
±Re(Cf'^). The red point denotes the SM prediction. The gray areas correspond to 
the 1(7 experimental bounds reported in table 4.1 Figure taken from [6]. 



i. An arbitrary phase for the /i term, but trilinear terms set to zero; 

ii. A real fi term, but an arbitrary phase in the (nonzero) stop trihnear couphng. 



We stress again that case [nj is equivalent to allowing arbitrary complex trilinears 
for all the sfermions, since the contributions to the observables decouple for all 
sfermions except the stop. In both scenarios, we scan the MSSM parameters 
independently in the following ranges 

m,-3,ms3,Mi,M2,M3, \fi\,mA e [200,700] GeV, (4.3.24) 
mq^,mq^,mix^,mq^,m^, m^-, mg G [10, 25] TeV, (4.3.25) 

tan/3G[2,5]. (4.3.26) 

In casejij, we scan 0^ from to 27r and set At = 0; in casejuj, we choose positive 
/i and 

^ G [-3, 3] , At= \At\e"^^^ , ct>A, G [0, 27r] . (4.3.27) 

mq3 

We discard points violating sparticle mass bounds (in particular, the lightest 
stop mass is required to be above 95.7 GeV |31j, which is relevant in scenario [ii]) 
and are in disagreement with BR(i? — )■ ^^7) or ex at more than 2(T. We calculate 
all the relevant quantities performing the full diagonalization of sparticle mass 
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Figure 4.7: Correlation between the electron EDM and the mixing-induced CP asym- 
metry in i? — 7- ij'Ks in the two scenarios with a complex fi term (left) or complex At 
term (right). The gray areas indicate the 90% C.L. upper bound in the case of de and 
the experimental la range in the case of Sr^'Xg- In the left-hand plot, the orange points 
have I sinc^^l < 0.2. Figure taken from [6]. 



matrices, i.e. we are not making use of the mass insertion approximation employed 



in sections 4.3.1 and 4.3.2 to display the main dependence on SUSY parameters. 
We use a modified version of the SUSY_FLAVOR code fT72l to cross-check part of 
our results. 

We now turn to the numerical analysis of the effects in EDMs and B physics. 



In figure 4.7 we show the correlation between the electron EDM, arising mostly 
from the two-loop Barr-Zee contributions, and the mixing induced CP asymme- 
try in B v'Ks in the two scenarios. The 90% C.L. upper bound on df.-, cf. 



(4.3.3), as well as the la experimental range for S'^'^-g are shown as gray areas. 
In scenario |ij, where /x is complex, de constitutes a significant constraint on the 
parameter space. Note that (4.3.24) scans the lower left corner of all the figures 



4.4 As a consequence, S^iks deviates from its SM prediction by at most ±0.05, 
which might be visible at super flavour factories, but would require a better con- 
trol of the SM theory uncertainties. The orange points in the left-hand plot of 
figure 4.7 show those points which have | sin 0^1 < 0.2. This demonstrates that 



a mild condition on the size of 0^ is enough to always fulfill the EDM bounds; 
however, the resulting effects in B physics are even smaller. In scenario [n] , with 
a real /i term and complex trilinears, on the other hand, much larger effects in 
St^iks ci^re compatible with de such that the current data on St^iks already exclude 
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part of the parameter space, even imposing them only at the 2a level. 

We do not show the corresponding effects in S^Ks^ but they can be easily read 
off from the correlations in Figure 4^ Moreover the same trend characterizes the 
other relevant observables (for this we refer again to [6]). 

After discussing the results for the two benchmark cases, let us comment on 
the more general case of phases present in both and {^At). In that case, the 
correlations among the B physics observables will be similar to the ones in sce- 
nario [ii| since we showed that sizable effects in B physics are only obtained in the 
presence of complex trilinear couplings. The correlation between and the B 
asymmetries, on the other hand, will change due to possible cancellations. For 
example, in the general case it is possible to have SM-like S^iks even for very 
large values of de- 

Let us also comment on phases of gaugino masses, which have not been dis- 
cussed so far. As discussed in above, it is always possible, by appropriate field 
redefinitions, to choose a basis where the h term and one of the gaugino masses 
is real. We choose this to be the Wino mass M2. Concerning the gluino mass 
parameter M3, in the decoupling limit of the heavy squarks, there is no one- 
or two-loop contribution to the EDMs involving the gluino, and the only gluino 
contribution to Cj and not suppressed by the heavy masses is real, as shown 



in section 4.3.2 Thus, the phase of M3 is irrelevant. The phase of Mi, on the 
other hand, enters via neutralino contributions to the electron EDM and to C7 §. 
However, the neutralino contributions are in general subleading with respect to 
the chargino ones and do not lead to qualitatively new effects. We thus conclude 
that the numerical results are valid even for the most general case of non- universal 
gaugino masses. 

Finally, we wish to mention that the signals and correlations in flavour physics 
arising in scenario [nj are very similiar to the effects in the MFV MSSM with a 



complex At term and a real /i term 152 173 . In the latter case however, one needs 



to assume real first generation A terms, which can be spoiled by RG effects 174 



Of course, the two setups are easily distinguishable on the basis of their different 
spectrum. 



4.4 Concluding remarks 

The idea that the squarks with only a small coupling to the Higgs system, i.e. the 
first two generations and perhaps the right handed sbottom as well, be significantly 
heavier than the other ones, the two stops and the left handed sbottom, has 
received a lot of attention for different reasons. A particular motivation has been 
seen in the context of the SUSY Flavour problem, as of the SUSY CP problem. 
It is also well known, however, that solving these problems by purely raising the 
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masses of the first two generations of squarks without further specific assumptions 
requires values for these masses far beyond any reasonable naturalness limit, as 



discussed in the previous Chapter and explicitly shown in Section 4.2.3 The 



progress of the last decade in testing the flavour structure of the SM strengthens 
the motivations to reconsider this subject. 

This same experimental progress has brought the focus on the so called MFV. 
While it is clear that MFV is far from being a theory of flavour, it may nevertheless 
contain an element of physical reality in as much as it rests on a postulated pattern 
of flavour symmetry breaking. In the context of supersymmetry, the example of 
U (3)q X U (3)u^ X U {3)dji only broken in a suitable way by Yu and certainly offers 
a possible way to address the Flavour problem. At the same time it is clear that 
U{3)q X f/(3)„^ X U{3)dji is not compatible with hierarchical sfermions. We have 
shown that effective MFV can also be made compatible with hierarchical sfermions 
as long as the relevant flavour symmetry is U{l)j^_^ x [/(l)^^ x [/(l)^^ x [7(3)^^, 
only suitably broken by the small Y^ couplings. This is the case if the heavy 
squark masses satisfy a definite lower bound, that we have quantified in a precise 



way, as summarized in Fig, 4.1 This bound is dominated by the limit on C 



AS=2 
12,3 



from Aim in (4.2.21), which makes the QCD corrections computed in Section 4.2.1 



particularly relevant. 

We also analyzed CP violation and showed that all the phases allowed by the 
flavour symmetry, in particular the phase of the /i term, the gaugino masses and 
the trilinear couplings, can be sizable without violating the EDM constraints. We 
performed a numerical analysis of two benchmark scenarios, i. with a complex 
H term and vanishing trilinear couplings and ii. with a real /i term and sizable 
complex trilinears. In both cases, two-loop contributions to the EDMs indepen- 
dent of the first two generation sfermion masses lead to an electron EDM which 
is in the ballpark of the current experimental upper bound. In addition, effects 
are generated in CP asymmetries in B physics to be scrutinized by forthcoming 
experiments: we discussed here the mixing-induced CP asymmetries in B <pKs 
and B v'^s, but there are also the direct CP asymmetry in i? — )■ Xg'y and the 
angular CP asymmetries and in 5 — i- K*fi^^~. In scenario i., the effects 
are quite limited. In scenario ii. and in the general case of phases in fi and ^At, 
the effects in B physics are sizable and could lead to interesting signatures. 

While the setup analyzed in this Chapter by no means provides a theory of 
flavour or CP violation, it constitutes an example of a simple solution to the SUSY 
flavour and CP problems which is in accord with naturalness [3] and does lead to 
visible signatures in flavour physics. Thus, it reaffirms the necessity to search for 
electric dipole moments and CP violation in B physics as complementary tools to 
the LHC. 
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5.1 Motivation 

Explaining the masses and mixings of quarks and leptons remains a fundamental 
open problem in particle physics. What the last decade of experimental devel- 
opments has added to this problem is the evidence that the CKM picture of the 
quark flavours, as realized in the Standard Model, is fundamentally at work. 

In the previous Chapters we discussed a possible way to confront with these 
statements in weak-scale supersymmetry, which doubles the number of flavoured 
degrees of freedom at the Fermi scale with their own masses and mixings. So far 
we have considered this as a special problem, in fact with squarks in the hundreds 
of GeVs the preservation of the CKM picture to a sufficient level of accuracy is non 
trivial, and it is also impossible to solve the problem only through hierarchical 
squarks. In this Chapter instead we will see this fact also as an opportunity, 
because the deviations from a strict CKM picture that should show up at some 
level might bring new key information to attack the problem of the origin of flavour 
breaking at all. Also in view of the tension that emerges from the cumulative fits 
of fiavour physics in the strict SM, as we will see in a moment, this motivates us 
to reconsider the fiavour problem in supersymmetry. 

A phenomenological "near-CKM" picture of fiavour physics is highly suggestive 
of a suitable fiavour symmetry approximately operative on the entire supersym- 
metric extension of the SM, whatever it may be. Among the symmetries that 
have been considered, two are of interest here: 

• U{3)q X U{3)u X U{3)d, broken by spurions transforming as = (3,3, 1) 
and Yd = (3,1,3) [27,175,176 , as already said in eq. (1.1.5); 



U{2) acting on the first two generations of quark superfields (and commuting 
with the gauge group), broken by one single doublet and by one or more 
rank- two tensors |113 |114 . 
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The first case - U{3)^ for brevity - corresponds to tlie standard Minimal Flavour 
Violation (MFV) hypothesis and can result from gauge mediation of supersym- 
metry breaking. As discussed in the previous Chapter, U{3)^ can explain the lack 
of flavour signals so far from s-partner exchanges, provided one take small enough 
flavour-blind CP-phases to cope with the limits from the Electric Dipole Moments 
(the so called supersymmetric CP-problem). This in turn hampers the possible 
interpretation of the recently measured CP-asymmetries in the B-system in terms 
of new physics. No attempt is made to address the "fermion mass problem" . 

A step in this direction is instead taken in the second case, based on the strong 
hierarchical pattern of the Yukawa couplings with only one of them, or two at most, 
of order unity. In Ref.s 113, 114 this pattern is assumed to result from a weakly 
broken U{2) symmetry acting on the first two generations of quarks superfields 
consistently with SU{3) x SU{2) x U{1) gauge invariance. U{2) can also go a long 
way in explaining the absence, so far, of new fiavour changing phenomena, with 
the special feature, not allowed in the U{3)^ case, that the first two generations of 
squarks can be significantly heavier than the third generation ones. This is crucial 
to solve the supersymmetric CP problem, making compatible sizable fiavour-blind 
CP phases with the current limits on the Electric Dipole Moments, as we discussed 
in the previous Chapter. However, a U{2) symmetry acting on both left- and 
right-handed fields, does not provide in general a sufficient protection of fiavour- 
violating effects in the right-handed sector, which are strongly constrained by 
present data. 



This Chapter is organized as follows: we define the framework in Section 5.2 



and we give more details about the fiavour symmetry in Section 5.3, we discuss 



the various phenomenological implications in Sections 5.4 and 5.5, we propose a 



prototype dynamical model for this situation in Section [5^ and we then conclude 
in Section 5.7 This Chapter is mainly based on [t]. 



5.2 Definition of the framework 

For reasons that will be clear shortly, here we consider an approximate U{2)q x 
U{2)u X U{2)d fiavour symmetry, intermediate between the two cases described 
in Section |5.1[ and still motivated by the pattern of quark masses and mixings. 
Furthermore, in analogy with the MFV case, we assume that this U{2)^ is broken 
by spurious transforming as AY^ = (2,2,1) and AY^ = (2,1,2). In fact, if 
these hi-douhlets were the only breaking parameters, the third generation, made 
of singlets under t/(2)^, would not be able to communicate with the first two 
generations at all. For this to happen, one needs single doublets, at least one, 
under any of the three f/(2)'s. The only such doublet that can explain the natural 
size of the quark masses and mixings, up to factors of order unity, transforms 
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under U{2)q x f/(2)„ x U{2)d as V = (2, 1, 1). 

Combining the various symmetry breaking terms, as described in the following 
Section |5.3|, the standard 3x3 Yukawa matrices in generation space end up with 



the following form: 



yt 







1 



Vb 



O" 



XbV 

i " 



(5.2.1) 



where Al^ and AY^ have been suitably rescaled, yt,yb are the third generation 
Yukawa couplings and Xt, Xb are complex parameters of 0{1). The 2x2 matrices 
AYu and AYd and the vector V are the small symmetry breaking parameters of 
U{2)q X U{2)u X U{2)d with entries of order or smaller, with A the sine of 



the Cabibbo angle. Analogous expressions, detailed in Section 5.3.3 hold for the 



three soft mass matrices m^,m?,m|. 

Notice that one is unavoidably led to consider this framework if the following 
assumptions are made: 

• The flavour symmetry must be broken weakly, i.e. the breaking terms must 
be of order A^ or smaller; 

• The breaking is minimal, i.e. we consider the minimum number of indepen- 
dent breaking terms giving rise to a realistic configuration; 

By suitable unitary transformations one can go to the physical basis for quarks 
and squarks with the consequent appearance of mixing matrices in the various 
interaction terms, in particular the standard charged current interactions and the 
gaugino interactions of the down quark-squarks 



(5.2.2) 



As shown in Section 5.3 to a good approximation the matrices Vckm and Wl 



have the following correlated forms 



Vr 



CKM 



-Sdse 



AV2 
-A 



A 

1 - AV2 

-SCd 



-iS 



c^s 

1 



(5.2.3) 



Cd 



Sde 



-j(<5+0) 



-Sde 







Cd 

slc 



-«7 



-SdSLCe 

-CdSLC 

1 



47 



(5.2.4) 



where the phases and 5 are related to each other and to the real and positive 
parameter A via 



SuCd C^SdC 



Ae* 



(5.2.5) 
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the real parameter is of order A^, and 7 is an independent CP- violating phase. 
At the same time the off-diagonal entries of the matrix are negligibly small. 



Up to phase redefinitions, eq.s (5.2.3) and (5.2.4) were obtained in Ref. 116 



based on a U{2) symmetry. There, however, with a single U{2) not distinguishing 
between left and right, a mixing matrix was also present involving a new 
mixing angle (sl — )■ sr) and a new phase (7 — )■ 7^). As it will be apparent in 



Q^{Qi,Q2) 


~ (2,1,1) 




~ (1,2,1) 




~ (1,1,2) 



Section 5.4, the simultaneous presence of and would lead to a AS" = 2 
Left-Right operator, which corrects by a too large amount the CP-violating tx 
parameter due to its chirally enhanced matrix element. 

5.3 Yukawas and CKM with U{2f 

In this Section we give some details about the construction and diagonalization 
of the various matrices. The transformation properties of the quark superfields 
under the U{2)q x f/(2)„ x U{2)d group are: 

(5.3.1) 
(5.3.2) 
(5.3.3) 

while gs, f^, and h'^ (the third generation fields) are singlets. We also assume a 
U{l)b symmetry under which only h'^ is charged. With such assignments, the only 
term allowed in the Superpotential in the limit of unbroken symmetry is 

W = yt qsf , (5.3.4) 

where yt is the 0{1) top Yukawa couphng. 

The first step in the construction of the full Yukawas lies on the introduction 
of the ?7(2)^-breaking spurion V, transforming as a (2,1,1). This allow us to write 
the following up-type Yukawa matrix[^ 

l^n = l/*(-0-:-"\^-). (5.3.5) 

Here and in the following everything above the horizontal dashed line is subject 
to the U{2)q symmetry, while everything to the left of the vertical dashed line is 
subject to the U{2)u symmetry (or the U{2)a symmetry in the down-type sector). 
The parameter Xl IS cl complex free parameter of 0{1). 



^ We define the 3x3 Yukawa matrix starting from tire superpotential W = qi{Yu)ijUj 
This imply the following SM (non-supersymmetric) Yukawa interaction £ = qLi{Y*)ijUjij 
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Similarly we can write the following down-type Yukawa matrix 

Y. = y.^l\'f-). (5.3.6) 

where again Xb is a complex free parameter of 0{1). The size of yi, depends on 
the ratio of the two Higgs VEV's. If tan^ = {Hu)/{Hd) = 0{1) the smallness of 
Uf, can be attributed to approximate f/(l)'s inside and outside f/(2)^. Otherwise 
we can consider as reference value tan/3 = {Hu)/{H(i) = (9(10), such that yt is 
small enough to avoid dangerous large tan (3 effects, but is much larger than the 
U{2Y breaking spurious and can be used as a natural overall normalization factor 
for the down-type Yukawa coupling. 

Finally, in order to build the masses and mixing of the first two generations 
we introduce two additional spurious, AYu and AY^, transforming as (2,2,1) 
and (2, 1,2), respectively. Combining the various symmetry breaking terms, the 
Yukawa matrices end up with the following pattern: 

where we have absorbed 0{1) couplings by redefining AYu and AY^. 

Due to the holomorphicity of the Superpotential, in a supersymmetric frame- 
work we are not be able to add term on the lower-left sector of the Yukawas. Such 
terms would indeed have a structure of the type 

qs (yt Ai;) t/c, 53 (yt AY,) (5.3.8) 

Beside being non-holomorphic, these terms arc doubly suppressed. Although we 
will not include them in the following, we have explicitly checked that their inclu- 
sion do not lead to significant differences in the results presented below. 



5.3.1 Explicit Parametrization 

The leading spurion V can always be decomposed as 




(5.3.9) 



where Uy is a 2 x 2 unitary matrix [dct([/) = l] and e is a real parameter that 
we require to be of 0(|V^6| ~ 4 x 10~^). The AY^ and AYfi spurious can be 
decomposed as: 

Ay„ = ul^^AY^Uu, (5.3.10) 
Ay, = U],AY^Un, (5.3.11) 
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where Al^'^ = diag(A„i, A„2), = diag(Adi, Ad2), and the f/'s are again 2x2 
unitary matrices. By construction, the size of the A^ is such that the largest entry 
is |Ad2| ~ ms/rrib = 0{e). 

With a suitable rotation in the U{2)'^ space we can get rid of Uy, Uu, and Ud- 
In such base the Yukawa matrices assume the explicit form 



Yu = Vt 
Yd = Vb 





extS2 









exb-h 





1 



(5.3.12) 
(5.3.13) 



We shall now address the issue of the relevant CP phases. We first note that 
shifting the phases of t"^ and we can get rid of the phases in yt and yb, while 
a rephasing of the components of u'^ and d'^ allows us to set the diagonal entries 
in AY^^ to be real. In principle, we can get rid of one of the two phases in Xt or 
Xi,. However, in order to maintain a symmetric notation for up- and down-quark 
Yukawas, we keep them both complex and denote them by x/e*'^^, with Xf being 
real and positive (/ = t,b). Without further rephasing we are also left with the 
two phases in Uq^^, that we parametrize as 

In the following we assume that ^ 1, as naturally implied by some alignment of 
the AYu^d spurious in the U (2)q space with respect to the leading (2, 1, 1) breaking 
term. 

5.3.2 Diagonalization and CKM 

The Yukawas are diagonalizcd by 

UulYuUI^ = diag(y„, y^, Vt) UdLYdU^j^ = diag(yd, y^, yh) ■ (5.3.15) 
To a good approximation, left-handed up-type diagonalization matrix is 

xi?23(st; </>*)= -s„e-^«" CuCt -c^ste'^* 

(5.3.16) 

where St/ct = ext, and similarly for the down-type sector (with s„,Cu — ?> Sd.Cd, 
Xte"^* — )■ x^e^'^^). These expressions are valid up to relative corrections of order 
Au2(Ad2) to the 1-2 and 2-3 elements of UuLiUdh)-, and even smaller corrections to 
the 1-3 elements. 
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Contrary to the left-handed case, the right-handed diagonahzation matrices 
become the identity in the hmit of vanishing hght-quark masses (or vanishing 
AY^^). Neglecting the first generation eigenvalues, and working to first order in 
eXu2 and eXd2, we get 

UuR = { 1 -Xu2Ste''^' , UdR = \ 1 -Xd2Sbe'^' 
\ A„2Ste-* 1 / \ Xd2Sbe-'^' 1 

We are now ready to evaluate the CKM matrix Vckm = {Uul ■ U\i)* . Using 
the decomposition above we find 

vi^L = (-'^f"-:?-)x^-(^'0x(4-:?-) (5-3.17) 

CuCd + SuSd e^(°''-"") -CuSd e'"'' + s^Cd e"'"" s,se-*(""-«) \ 
CuSde''^' - SuCde'''- c„q + e^^""""-^) c„se^« (5.113) 

where (s/c)e*^ = exbe~^'^'' — extc"**^*, and in the second line we have set c = 1. 
With an appropriate rephasing of the fields this structure is equivalent to the one 
in Ref. |190| (with = — a;^ and Su,d — ^ —Su,d)- To match this structure with 
the standard CKM parametrization, we rephase it imposing real Vud, Vus, Vcb, Vtb, 
and Vcs (which is real at the level of approximation we are working), obtaining 

/ 1 - AV2 A s^se-'^ \ 

Vckm = { -A 1 - AV2 c^s , (5.3.19) 

\ -Sdse^('^+'^) -scd 1 / 

where = — while the phase S and the real and positive parameter A are 
defined by 

SuCd - CuSdC-"^ = Xe''. (5.3.20) 



The parametrization (5.3.19) is equivalent, in terms of precision, to the Wolfen- 
stein parametrization up to (9(A^) and, similarly to the latter, can be systemati- 
cally improved considering higher powers in s, Sd, and s^. The four parameters s^, 
Sd, s, and can be determined completely (up to discrete ambiguities) in terms 
of the four independent measurements of CKM elements. In particular, using 
tree-level inputs we get 



s = =0.0411 ±0.0005 , (5.3.21) 

Su ^ ^ ^ 0.095 ±0.008 , (5.3.22) 

Cu \Vcb\ 

Sd = -0.22 ±0.01 or -0.27 ±0.01. (5.3.23) 
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As a consequence of the U{2)q symmetry, |Vjd/Vts| is naturally of 0{\) and the 
smallness of |Vub/l^d| is attributed to the smallness of Su/ Sd 116| . The latter hy- 
pothesis fits well, at least qualitativey, with the strong alignement of the spurious 
Al^ and V in the U{2)q space indicated by the smallness of mu/rric- 



5.3.3 Soft-breaking masses 

In the limit of unbroken symmetry the three soft mass matrices have the following 
structure: 



fh 







m ; 








fh 








ti 



(5.3.24) 



where the roj. and are real parameters. When the spurious are introduced in 
order to build the Yukawas, they also affect the structure of the soft masses, 
which assume the form 



m 



Q 



ml 



m, 



Qh 



m: 



1 + CQ^VW^ + cquAY:AY^ + CQdAY*AYj I XQe-<^ 



1 + CddAYjAY* 


Xde-^'^-^AYjV* 


Xde^'^-^V^ AY* 
1 + c AY'^AY* 


XuC-^'^-AY^V* 


XuC^'I'-V^ AY* 





^Qt/^Qh 



V* 

2-(5--3l.25) 



(5.3.26) 
(5.3.27) 



where the Cj and the Xi are real 0{1) parameters. 

Let's consider first the case of m^. In the limit where we neglect light quark 



masses {AYu^d ~^ 0), adopting the explicit parametrization in sect. 5.3.1, we have 

,2 



^23(sq; -0q) X X i?23(-SQ; -0q) = (m^) = diag(mQ^, 



2 2 ^ 



(5.3.28) 







^Q, = 


"^Qh ' 


^Q2 = 


"^Qh ( 


^Q3 = 





^Q^lh + ^^^^^Q^) ■ 



(5.3.29) 
(5.3.30) 
(5.3.31) 



This implies that in the mass-eigenstate basis of down quarks, is diagonalized 
by 



W^f Wi = diag( 



Wt = U*^^R,,{-SQ-- 



. (5.3.32) 
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With such definition the couphng of the gluinos to left-handed down-type quarks 
and squarks in their mass-eingestate basis is governed by [(^^(W^l)^ g]^] g. 



Employing the CKM phase convention in (5.3.19) for both down-type quarks 



and down-type squarks, the mixing matrix assumes the form 

SLe-'^ 1 

Cd K* -K*SLe^^ 



-K Cd -CdSie'^' I , (5.3.33) 
slc-'"' 1 



where k = CdVtd/Vt 



s^e*^ = e-'^is^^e-'^" + sqC-'^"^) ^ ex^e-'^^^^'^ (^1 + ^e'^^^'^^^ J , (5.3.34) 

and, as usual, we have neglected C(e^) corrections. To understand the structure 
of i — )■ j FCNCs, it is useful to consider the combinations 

a!J, = {Wi),a{Wt)*^ , }^ + Ag) + ASf = , (5.3.35) 

for which we find 

Ajf = Cdt^* + 0{sIk*) [i,=i2], +SLt^*e'^ [i,=i3], +CdSLe'^ [,,=23], 

A^f = s\K*Cd [ii=12], -SLH*e^^ [^=13], -CdSLe^"^ [ij=23]- 

(5.3.36) 

From these structures we deduce that 2 — 1 transitions receives contributions 
aligned, in phase, with respect to the SM term. The new non-trivial phase 7 
enters only in FCNC transitions of the type 3 — )■ 1,2, where it appears as a 
universal correction relative to the CKM phase. Note that the phase 7 and the 
2 — i- 3 effective mixing angle sl do not vanish also in the limit of vanishing 
breaking terms in the soft mass matrix {xq — )■ 0). 

Switching-on the ^Y^^d terms in leads to tiny corrections to Wf^ that can 
be neglected to a good approximation, similarly to the light-quark corrections to 
the CKM matrix elements. The most significant impact of /SYu^d 7^ is on the 
mass splitting of the first two generations. In principle, the mass splitting of the 
first two generations has a non-negligible impact on 2 — > 1 FCNC transitions 
(Kaon physics). However, in the limit itlq^ <^ mg^ it becomes negligible also for 
2 — > 1 transitions. 
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IK.I 

\Vcb\ 

\Vub\ 

7CKM 
Si,Ks 

AM, 
AM, 



0.97425(22) 
0.2254(13) 

(40.89 ± 0.70) X 10-3 
(3.97 ±0.45) X 10-3 
(74± 11)° 

(2.229 ±0.010) X 10-3 
0.673 ± 0.023 
(0.507 ± 0.004) ps-i 
(17.77 ±0.12) ps-i 



181 



183 



163 



186 



25 
31 



188 



188 



189 




Table 5.1: Observables and hadronic parameters used as input to the CKM fit. Table 
taken from [71. 



5.4 Implications of U{2)^ 

While the CKM picture has been very successful in describing experimental ob- 
servations of flavour and CP violation, recently there are mounting tensions in 
this description. Firstly, there is a tension among the CP violating parameter in 
the K system {exl, the ratio of mass differences in the Bd,s systems AMd/AMg 
and the mixing induced CP asymmetry in B^i — ipKs, which in the SM measures 
sin(2/3) [25l [l52|[l77Hl79l . Secondly, there are hints for a sizable mixing-induced 
CP asymmetry in Bg — )■ J/ip4', implying non-standard CP violation in the Bg 
system, and an anomalous dimuon charge asymmetry, pointing to non-standard 
CP violation either in the Bd or Bs systems [163 180 . 

To expose the tension among {exl, sin(2/3) and AM^/AM^ in the SM, we 
perform a global fit of the CKM matrix. By removing one observable from the fit, 
one obtains a prediction for it which can then be compared to its experimental 
value. 

In a second step, we discuss the modification of the AF = 2 observables 
entering the fit in the U{2)^ setup. Performing a fit of the CKM matrix and the 
relevant additional model parameters allows us to predict the size of CP violation 
in the Bg system and to get information on the scale of sparticle masses. 



5.4.1 Input data and Standard Model fit 

We perform global fits of the Wolfenstein CKM parameters \, A, p and fj to 
subset of) the observables given in the left column of table 5.1 To this end. 



we 
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Figure 5.1: Results of two global fits of the CKM matrix using tree-level and AF = 2 
observables, excluding S^Ks = sin(2/3) (top row) or |ex| (bottom row). The bands in 
the left panels correspond to 2a errors. The dotted bands in the right panels correspond 
to 1(7 experimental errors. Figure taken from [7]. 



use a Markov Chain Monte Carlo with the Metropolis algorithm to determine the 
Bayesian posterior probability distribution for the input parameters. We treat all 
errors as Gaussian, taking into account the experimental uncertainties indicated 
in the left column of table |5.1| as well as the theoretical ones, due to the hadronic 



parameters collected in the right column of table 5.1 



Figure 5.1 shows the fit results for two fits: in the first case all the constraints 
in the left column of table 5.1 except for S^Ks = sin(2/3) have been used, in the 
second case all constraints except for \eK\- The left panels show the 2a bands of 
the individual constraints in the (p, r/) plane and the 68% and 95% C.L. region 
for p and fj. The dashed lines show the band of the "unused" constraint, which 
in both cases clearly deviates from the region preferred by the fit. This becomes 
even more apparent comparing the probability density functions of S^Ks and |ex| 
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to their experimental values as shown in the right panels. 

These tensions, if explained by NP, could be due to non-standard contributions 
in neutral kaon mixing, non-standard CP violation in Bd mixing or a non-universal 
modification of the mass differences in the and Bg systems. In the next section, 
we will discuss which of these solutions is possible in the f/(2)^ setup. 



5.4.2 Super symmetric fit 

For mq^ <^ m-Q^ the three down-type AF = 2 amplitudes, including SM and 
gluino-mediated contributions, assume the following simple form 



M{Bd^Bd) 
MiBs^Bs) 



|A^sm| 
|A^sm| 





1 + 


4 4 




\Vts\' 




1 + 


„2 2 




\Vts\' 




1 + 


„2 2 
^L'^d 




\Vts\^ 



M 



(tc+cc) 
SM 



-2n p 



(5.4.1) 
(5.4.2) 
(5.4.3) 



where in the kaon case we have separated the leading top-top contribution from 
the subleading top-charm and charm-charm terms. The function F is 



w 



m 



h{x) 




m 



-(5.4.4) 



11 -I- 8x — 19x^ + 26x log(x) -I- 4x^ log(x 
3(1 -xY 



/o(i: 



1, (5.4.5) 



where So(xt = mf/mly) ~ 2.4 is the SM one-loop electroweak coefficient function. 
Note that, since SM and gluino-mediated contributions generate the same AF = 2 
effective operator, all non-perturbative effects and long-distance QCD corrections 
have been factorized. The typical size of Fq, as a function of the gluino mass and 



mQg, is shown in figure 5.2 



Eq.s (5.4.1 )-(5. 4.3 ) lead to remarkably simple expressions for the modification 



of the AF = 2 observables entering the CKM fit. Defining x 
can write 



one 



Si/jKs 

AMrf 
AMrf 
AM, 



sin(2/3 + arg(l + xFoe-2^^)) , 
AM|^ X |l + xFoe-'''^| , 

AMfM • 



(5.4.6) 
(5.4.7) 
(5.4.8) 

(5.4.9) 
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Analogously, the mixing-induced CP asymmetry in Bg — t- J/ ipcf) can be written as 

^^<^ = sin(2|/3,| -arg(l + xFoe-2'^)) , (5.4.10) 

where 13s = -Arg [-(y^*Vtb) / iV*gVcb)] is the SM mixing phase. 

We are now in a position to perform a fit of the CKM matrix in the super- 
symmetric case, varying x, Fq and 7 of eq.s ( 5.4.6 )-( 5.4.8) in addition to the 4 
Wolfenstein parameters and using all observables in the left column of table 5.1 as 
constraints, with the appropriate modification of AF = 2 amplitudes as discussed 



above. Given the typical size of Fq as shown in figure 5^, we impose a fiat prior 
Fo < 0.2. 



The left panel of figure 5.3| shows the fit result in the (p, 77) plane. The ten- 
sion among {exl, S^Ks AM^/ AM^ has disappeared. More precisely, we find 
;^2/Ndof = 0.7/2, compared to x^2/Ndof = 9.8/5 for the full SM fit. This is due 
both to a positive SUSY contribution to |ex| as well as a new phase in mixing. 
Note that the positive sign of the SUSY contribution to {exl is an unambiguous 
prediction of our framework. The right panel shows the preferred values for the 
combination Fqx and the phase 7 entering B^^s niixing. As shown in the left panel 
of figure 5.4, Fq and x are not very well constrained separately, but Fq > 0.05 is 



preferred by the fit, implying sub-TeV gluino and squark masses (see figure 5.2) 



The non-zero value of 7 required by the fit to solve the CKM tensions implies 



non-standard CP-violation in the Bs system by means of equation (5.4.10). We 
show the fit prediction for S^^f, in the right panel of figure 5.4 in the S^Ks vs. S^^i, 
plane. While S^Ks coincides with the experimental measurement (note that it 
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Figure 5.3: Left: result of the global fit with inclusion of the corrections as in eq.s 
(5.4.6 5.4.8). Right: preferred values of the parameters defined in text, as determined 
from the fit. Figure taken from \7j. 
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Figure 5.4: Correlation among the preferred values of x and Fq (left) and prediction of 
S^(l) as a function of S^Ks (right) as determined from the supersymmetric fit. Figure 
taken from [7]. 
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was among the fit constraints), S^p^ is clearly preferred to be larger than its tiny 
SM value, indicated by a horizontal line. The pattern implied by (5.4.6 5.4.9) 
was already noticed in |190j assuming the dominance of the LL operators. The 
correlation between S^Ks implied by eq.s (5.4.7) and (5.4.10) is the same 

pointed out in 191 in the context of effective theory approaches with a horizontal 
SU{2) symmetry acting on left-handed light quarks. 

For the semi-leptonic asymmetry and the like-sign dimuon charge asym- 
metry measured at the Tevatron, we find values below the permille level. We 
note that an enhancement of Asl above the 3 permille level requires NP con- 
tributions to the absorptive part of the mixing amplitude 
generated in our framework. 



192 , which are not 



5.5 Consequences of ?7(2)^ and MFV 

Within the supersymmetric framework we are considering, gluino-mediated am- 
plitudes are the dominant non-standard effect in AF = 2 observables. However, 



it is worth to stress that the results of the fit in Section. |5.4.2| are, to a large 
extent, valid also beyond the assumption of gluino-mediated dominance and even 
beyond supersymmetry: they are a general consequences of U{2)^ and its breaking 
pattern. 

Employing a general effective-theory approach, we can analyse the general 
structure of FCNC amplitudes by considering higher-dimensional operators for- 
mally invariant under U{2)q x f/(2)„ x U{2)d, constructed from SM fields and 
t/(2)^-breaking spurious. As in the MFV case j27j, in our framework the leading 
flavour-changing amplitudes are of left-handed type and, to a good approxima- 
tion, can be evaluated neglecting the effects of light-quark masses (i.e. setting 
AK,rf ^ 0). 

The generic combination of left-handed quark bilinears up to O(e^) = 0{X^) 
has the following structure, 

Xll = QiXijqj = aiQ^Q + a^q^.q^, + &i3(Q^*)?3 

+hMV^Q) + a2{QV*){V^Q) + 0{^) , (5.5.1) 

where a, and bij are 0{1) coefficients. With this definition, the AF = 2 Hamilto- 
nian can be written as 



njAF=2 _ ^ ( y2 , x>t2 \ _ \>2 
^eff - 2 I ^LL + ^LL ] — ^LL 



(5.5.2) 

ai->-5R(ai), b3i=bl^ 



where Xij assumes the following form in the mass-eigenstate basis of down-type 
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quarks: 

/ ai 

^'^ = X «i + «2e' &3ie I X [/J^ . (5.5.3) 

\ 6136 as 

The X'^ entry relevant to kaon physics is 

+0{sde^) (5.5.4) 

= CKV;^Vts + Oisde^) . (5.5.5) 

Once we take into account the conditions on and bij dictated by the hermiticity 



of the AF = 2 Hamiltonian in (5.5.2), it follows that the 0{1) coefficient ck is 



real. Similarly, the entries relevant to B physics are 

Xt, = s,e-^(*+^) [-st{a3 - ai)e-^(«+^^) + 6316-^^] + 0{s,e') 

= CBe'''''V;,Vt, + Oisae^) , (5.5.6) 

^23 = c4-s,(a3-ai)e-*(«+'^'') + 63ie-*«] +0(e2) 

= CBe'''^V*Vt, + Oie^) , (5.5.7) 

From these structures we can generalize the following three statements on the 
corrections to AF = 2 amplitudes that we already found in the specific case of 
the gluino-mediated amplitudes: 

i. in all cases the size of the correction is proportional to the CKM combination 
of the corresponding SM amplitude (MFV structure); 

ii. the proportionality coefficient is the same in Bd and Bg systems, while it 
may be different in the kaon system; 

iii. new CP-violating phases can only appear in the Bd and Bs systems (in a 
universal way). 

These statements are a general consequence of the U{2)^ flavour symmetry and its 
breaking pattern. The properties ii. and iii. have indeed already been discussed in 
the literature in the context of MFV in the large tan /3 limit: the statement ii. was 



already discussed in 27 , in absence of flavour-blind phases, while the condition 
iii. has been pointed out in |138 . This is not surprising, since the U{3)^ group of 



MFV is broken to SU{2f x f/(l) in the large tan/3 limit [138 

Since the U(2)^ group is our starting point, these conditions are naturally 
realized in our framework independently of the value of tan /3 and without the need 
of considering operators with high powers of the spurion flelds. The only model- 
dependent result following from the assumption of gluino-mediated amplitudes is 
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Chiral field 


qSM 


qSM 


Xh 


(3,2,1) 


(3,2,-1) 


Xh 


(3,2,-1) 


(3,2,1) 


Xi 


(1,2,1) 


(1,2,-1) 


Xi 


(1,2,-1) 


(1,2,1) 



Table 5.2: Transformation properties of the link fields under Gf x 



the sign of the contribution to ex that, as we have seen, goes in the direction 
required by data. Note also that, assuming f/(2)^ from the beginning, we realize 
the decoupling of B and K physics without the need of operators with several 
powers of the Yukawa couplings (contrary to Ref. 27,138]), operators which are 
naturally suppressed in a weakly coupled theory such as the MSSM. 



5.6 A dynamical model 



As recalled in Section |5l) the [/{Sf of MFV arises in gauge mediation of super- 
symmetry breaking. The only condition for this to be the case is that the scale at 
which the Yukawa couplings are generated is higher than the scale of the messen- 
ger masses. Here we briefly outline a possible dynamical model for the generation 



of the U{2)^ described above, suitably modifying a proposal in Ref. 193 . 

The basic splitting between the third and the first two generations arises from 
a doubling of the SM gauge group, Gf^ and Gf^, a "two-site deconstruction" of 
the SM, with the third generation of matter superfields transforming in the usual 
way under Gf^ and the first two generations under Gf^. Like the third generation 
of matter, the two Higgs doublets of the MSSM also transform only under Gf^. 
As usual, the SM is made to emerge at low energy by spontaneously breaking 
the product group Gf^ x Gf^ down to the diagonal subgroup by the VEV's of 
vector-like link fields. Departing from the assignments in [193J, we choose their 



transformation properties as indicated in table |5.2[ with an eye to the desired 
pattern of the Yukawa couplings in flavour space. To avoid unwanted light states 
the superpotential will have to include quartic terms of the form XhXiXkXe- The 
definition of the model is complete by including a supersymmetry breaking sector 
directly coupled to messengers of mass M charged under ^2^. 

In absence of Yukawa couplings such a model has a built in U{2)^ flavour 
symmetry with the first and second generation sfermions receiving a standard 
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gauge-mediation two loop mass 



while the third generation sfermion masses are suppressed since they effectively 
come from gaugino mediation 

Let us now introduce the most general Yukawa interactions of lowest possible 
dimensionality, weighted by inverse powers of a mass scale M*, not necessarily 
related to M, but otherwise with dimensionless couplings of order unity. Defining 
the small parameters 

M* M*' M* M* ' ^ ■ ■ ^ 

one finds the following textures for the quark and squark mass matrices: 

Yu, Id ~ e, ee eh \ , (5.6.4) 



rriGM Q^hrriGM 

m?~m|~ I mlj^ e^ehmlf^ | , (5.6.5) 

^e^hiTiQ}^ eeehmQj^ rri^j^ 

~ I ^i^M I , (5-6.6) 

2 2 2 




where wc have neglected e\ terms in the 31 and 32 entries of Yd and in mj. 

Taking ^ 10^^, these matrices are approximately equivalent to the ones 
described in Section 2. Neglecting the small e^e^ terms, the main difference is the 
absence of correlation between the entries i?>,i = 1,2 of the matrices Yu,Yd,m% 
implied in the general analysis by assuming the presence of a single spurion doublet 
V under U{2)q. As an example, such correlation can be effectively obtained here 
by forcing vanishing 13 entries in these matrices via a discrete symmetry 

{Q, u, ~d)2, Xh, Xh, Xei, Xei -{Q, % ~d)2, -Xh, -Xh, -Xa, -Xei 

while all the other fields are untouched. The only extra ingredient with respect 
to the minimal model is an additional link field Xi2 , Xi2 with the same quantum 
numbers of xn, Xn but neutral under Z2. Other discrete symmetries, which may 
be worth studying, can be invoked to justify mass splitting and mixing angles of 
the first two generations. 
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5.7 Concluding remarks 

Motivated in part by a few difficulties that seem to appear in tfie current de- 
scription of tfie flavour and CP-violation data, espcially in the sector of AF — 2 
observables, and in part by the absence of large deviations from the Standard 
Model elsewhere, we have considered in this Chapter the possibility that the 
problem of AF = 2 observables be due to the emergence of long waited signals of 
supersymmetry in the flavour and CP-violating sectors. To do this, we have found 
particularly useful to reconsider the proposal that a weakly broken U (2) symme- 
try be operative in determining the full flavour structure of the supersymmetric 
extension of the SM. Among the appealing features of U{2) and an advantage 
over the standard MFV proposal is that it allows the first two generations of 
sfermions to be substantially heavier than the third one, which helps to address 
specifically also the supersymmetric CP problem. A single U (2) has a problem, 
however: the dominance over every other effect of the contribution to due to a 
LR operator with its chirally enhanced Kq — Kq matrix element. The solution of 
this problem resides in enlarging U{2) to the full U{2)q x U{2)u x U{2)d symme- 
try of the first two generations and demanding that the communication with the 
third generation be due to doublets under U {2)q only. If only one such doublet is 
present, characteristic correlations exist between the various AF = 2 amplitudes 
that we have exploited to improve the consistency of the fit of the fiavour and 
CP-violation current data. A striking confirmation of this picture can be pro- 
vided by the measurement, currently under way by the LHCb collaboration with 
sufficient precision, of the CP asymmetry in Bg — )■ V"^) predicted to be positive 
and above its Standard Model value: 0.05 < S^ff, < 0.2. Furthermore, to attribute 
it to supersymmetry requires finding a gluino and a left-handed sbottom with 
masses below about 1 -j- 1.5 TeV. 
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In this Thesis we made considerations about supersymmetric extensions of the 
Standard Model characterized by a non-standard spectrum of hierarchical type. 
The main motivations for going in this direction are the SUSY Flavour and CP 
problems: while the former can be solved also assuming Minimal Flavour Vi- 
olation with almost degenerate sfermions, the latter is clearly in trouble if the 
sfermions of the first two generations are not heavy enough. If one wants to keep 
naturalness as a guiding criterion, then one is naturally led to consider a Non 
Standard Supersymmetric Spectrum with a hierarchy between the first two gen- 
erations and the third one, possibly together with a lightest Higgs boson heavier 
than mz already at tree leveQ 

In Chapter ^ preliminary study for the subsequent analyses, we gave 
attention to supersymmetric models in which the lightest Higgs boson mass is 
significantly increased at tree level, thanks to extra contributions to the Higgs 
quartic coupling. 

From a 'bottom-up' point of view we did not require that the new couplings 
do not run to large values before the Grand Unification (GUT) scale; instead we 
just required that they do not become strong before a scale A which can even 
be as low as 10^ -r- 10^ TeV. Focussing on the simplest possible extensions of 
the MSSM which can meet the goal, i.e. adding a new U{1) or SU{2) gauge 
interaction or adding a gauge singlet with large coupling to the Higgses (ASUSY), 
we studied the interplay between the constraints coming from naturalness and 
precision data. We showed that it is indeed possible to have nih = 200 -i- 300 

^NOTE ADDED: During the time between the approval and the defense of this Thesis, a 
SM-hke Higgs boson with mass between 141 GeV and 476 GeV has been excluded at 95% c.l. 
by the LHC collaborations [l] . The considerations of Chapters [2] and [s] are thus now excluded 
unless the couplings or/and Branching Ratios of the lightest Higgs boson differ significantly with 
respect to the SM ones. 
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GeV at tree level, although one may end up with a low semiperturbativity scale 
A < 100 TeV, a low scale M at which the soft terms are generated, or the need 
for an extra positive contributions to T. Comparing the "performance" of the 
three models we showed that ASUSY tends to minimize the above potentially 
problematic features. Furthermore a significant reason why ASUSY is preferable 
in our context is the naturalness bound on the masses of the heavy sfermions of 
the first two generations, as discussed in the subsequent Chapter. 

In Chapter [3] we gave consideration to the possibility that the Higgs mass 
problem and the SUSY Flavour problem point towards an extension of the MSSM 
without a light Higgs boson. The basic idea is that a lightest Higgs boson naturally 
heavier than in the MSSM renders at the same time more natural that the SUSY 
Flavour problem has something to do with a hierarchical structure of the sfermion 
masses. 

In fact, with a totally anarchic flavour structure, the constraints set by the 
lack of flavour signals would require values of the masses of the first two gen- 
erations that are totally incompatible with naturalness. However, even without 
making precise assumptions about the symmetry structure of the Flavour sector, 
with an amount of degeneracy and alignment of order of the Cabibbo angle the 
SUSY Flavour and CP problems can be relaxed with sfermions of the first two 
generations at about mi 2 ~ 20 TeV, keeping the third generations at about 500 
GeV. Within the MSSM this hierarchical picture, which has often been considered 
in the literature as a way to alleviate the SUSY Flavour problem, tends to be dis- 
favoured by naturalness arguments. In fact to have no more then 10% finetuning 
on the Fermi scale one needs in the strongest case mi^2 < 2 TeV for M = Mqut, 
or nil 2 < 7^9 TeV for M = lO'^-r- 10^ TeV. The situation can change in a context 
in which the Higgs boson mass is increased at tree level, since the naturaleness 
bounds on the various masses scale rougly as m*f['^'^ /m,z- To see this explicitly, we 
computed this bound for the three models studied in Chapter [2] The result is that 
mi^2 ~ 20 TeV is possible only in the case of ASUSY, while in the case of gauge 
extensions the new large coupling is shared also by the first two generations so 
that the naturalness bounds turn out to be even stronger. We also checked that 
electromagnetism and colour conservation are not of concern in our case. 

Interesting phenomeno logical features of this 'Non Standard Supersymmetric 
Spectrum' are first of all the abundance of top, even more than bottom quarks, in 
the gluino decays, giving rise to a distinctive signature in gluino pair production 
which could be detected already in the early stages of the LHC. Moreover there is 
the appearance of the very much non MSSM-like golden mode decay of the lighest 
Higgs boson, h — )■ ZZ. Finally one obtains a distinctive distortion of the relic 
abundance of the lightest neutralino, relative to the MSSM, due to the s-channel 
exchange of the heavier Higgs boson in the LSP annihilation cross section, with 
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an LSP that needs no longer to be "well-tempered" , as well as a suppression of the 
direct detection cross section, which scales as m^'^ and is currently being probed 



in the XENONIOO experiment 194 



In Chapter |4] we made more precise assumptions about the flavour symmetry 
structure and its breaking pattern. In fact, as discussed in the previous Chapter, 
a hierarchical spectrum goes in the right direction in order to solve the SUSY 
Flavour and CP problems, but one still needs some amount of degeneracy and 
alignment of order of the Cabibbo angle. On the other hand the principle of 
Minimal Flavour Violation is very efficient in suppressing new sources of FCNC, 
but the usual pattern U{3)q x U (3)„ x U{3)d only broken in a suitable way by 
and Yd is clearly not compatible with hierarchical sfermion masses. This in turn 
means that nothing suppresses the effects coming from the Flavour Blind phases, 
which typically produce too large contributions to the EDMs. It is thus natural 
to combine the two suppression mechanisms, trying to keep the good features of 
both. 

Motivated by these considerations and by the special role of the top Yukawa 
coupling, we analyzed a pattern of flavour breaking in which only the squarks that 
share the top Yukawa coupling with the Higgs system are light. Moreover we as- 
sumed that the individual flavour numbers in the quark sector are conserved in the 
limit Yd — > 0, which means that Y^ is diagonal in the same basis that diagonalizes 
the squark mass matrices. We showed that the symmetry U{1)q_^^ x U{3)d, only 
suitably broken by the small Yd couplings, gives rise to effective Minimal Flavour 
Violation of the Flavour Changing Neutral Current amplitudes. Given this flavour 
structure, we determined the precise bound on the heavy masses which turned out 
to be typically of order 5-^10 TeV. To do so, we properly took the QCD correc- 
tions to the Wilson coefficients into account, including an effect which had been 
so far neglected. 

Finally we studied CP violation in this framework of 'Effective MFV with 
hierarchical squark masses. We showed that all the phases allowed by the flavour 
symmetry, in particular the phase of the fi term, the gaugino masses and the 
trilinear couplings, can be sizable without violating the EDM constraints, thus 
solving the SUSY CP problem. Actually one needs only a moderate hierarchy in 
order to satisfy the EDM bounds with 0(1) FB phases and moderate tan/3, so 
that such a spectrum can be natural even without increasing the lightest Higgs 
boson mass at tree level as done in Chapters [2] and |3] (see ^l]). Interestingly, 
due to the hghtness of the left-handed sbottom, these phases can produce CP 
violating effects in B physics which are within the reach of future experiments. 
This is at contrast with the usual MFV case in which, after satisfying the EDM 
bounds by suppressing the FB phases, there is small or no room for any new 
effect. We performed a numerical analysis of two benchmark scenarios, i. with a 
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complex fi term and vanishing trilinear couplings and ii. with a real /i term and 
sizable complex trilinears. In both cases and with sizable FB phases the two-loop 
contributions to the EDMs, which are independent of the first two generation 
sfermion masses, lead to an electron EDM which is in the ballpark of the current 
experimental upper bound. The effects on CP asymmetries in B physics, to be 
scrutinized by forthcoming experiments, are quite limited in scenario i. but can 
lead to interesting signatures in scenario ii. and in the general case of phases in fi 
and fiAf. 

This setup does not provides a theory of flavour or CP violation, but it con- 
stitutes an example of a simple solution to the SUSY flavour and CP problems 
which is consistent with naturalness and does lead to visible signatures in flavour 
physics. Thus, it reaffirms the necessity to search for electric dipole moments and 
CP violation in B physics as complementary tools to the LHC. 

Notice also that if tan /3 acquires a large value, like tan /3 ~ mt/rrib, then 
significant deviations from the SM typically occur in AF = 1 and in CP-violating 
AF = amplitudes, even in supersymmetry with MFV. Since we assumed a 
moderate value of tan /3, this possibility has not been our concern here. 

Finally, in Chapter [5] we showed how one could be even more ambitious and 
look for sizable corrections in the AF = 2 amplitudes that relax the amount of 
'tension' which is present in the CKM fit, especially between S.^Ks ^k- In 
fact if one removes one of the two from the fit, then the prediction for it, based on 
all the other observables, is 4 5 a away from the experimental value. Moreover 
an ambitious model should try to explain, at least in part, the pattern of fermion 
masses and mixings. In Chapter [5] we adopted this point of view and extended 
an earlier proposal of U{2) flavour symmetry to U{2Y = U{2)q x f/(2)„ x U{2)d, 
broken in a suitable way. This pattern is again as efficient as MFV in suppressing 
the various FCNC, and there are only two new parameters with respect to the 
usual CKM picture: one angle and one phase. 

We analyzed the consequences on the current flavour data of this suitably 
broken U{2)^ symmetry acting on the first two generations of quarks and squarks. 
A definite correlation emerged between the AF = 2 amplitudes AilK'^ — )■ K^), 
Ai{Bd — )■ Bd) and A4{Bs — ?• Bs), which can resolve the current tension between 
M{K^ K^) and M{Bd Bd), while predicting M{Bs Bg). In particular, 
the CP violating asymmetry in Bg — )■ ipcf) is predicted to be positive and above its 
Standard Model value (0.05 < S^^ < 0.2). The preferred region for the gluino and 
the left-handed sbottom masses is below about 1 1.5 TeV. 

This last study can be extended in several directions, that we briefly men- 
tion. First, although the effects in AF = 2 amplitudes are the ones of most 
obvious phenomenological significance at present, some effects in AF = 1 transi- 
tions will also be present, relevant to future measurements. Specifically we refer 
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to CP violation, both due to the phases in (5.2.3) and (5.2.4), and to possible 



flavour blind phases, not strongly constrained by the EDMs due to the heaviness 
of the flrst sfermion generation [195J . Secondly, no assumption is made here about 
possible intermediate breaking patterns of U{2)^, similarly to what was done in 
Ref. 190 for the U{2) case. This allowed to correlate s„, Sd in (5.2.3) and (5.2.4) 



to the ratios of light quark masses mu/rric and nid/ms. A reconsideration of these 
attempts, appropriately corrected, in view of the current data might be useful. 
Finally, the problem is pending of describing a dynamical model that realizes the 
phenomenological f/(2)^ picture. Section 5.6 provides an example, which may be 



useful to study in more detail and/or be suitably modifled. 



NOTE ADDED: As a very flnal comment, we notice that ideas related to 
what discussed in this thesis have been recently put forward and further studied 
by many different authors as a crucial Supersymmetric conflguration to be tested 
at the LHC: [T96HT99 
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